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Soybean is the most important plant-based protein source and may be vital to sustainable agricultural 
intensification, required to support an ever-growing global population. Soybean, however, has a high 
nitrogen (N) demand which often limits yield. Biological nitrogen fixation (BNF), through symbiosis 
with rhizobia, is a natural process through which legumes can derive much of their N requirement, 
with many environmental benefits over chemical fertiliser application. Enhancement of BNF 
therefore offers an opportunity to sustainably increase yield. Nodules are root organs that form 
following legume perception of nod factors (NF) produced by compatible rhizobia species, leading to 
expression of NF response genes, including ENOD40. They are the sites of BNF, providing a highly 
controlled optimal environment for rhizobia to fix N. Primarily, work on symbiosis has focused on the 
signalling events that coordinate nodule initiation and development, with a key role of 
phytohormones tightly controlling this process. However, the effect of varying nodule morphologies 
on BNF capacity is little studied. This thesis uses two approaches, genotypic variation and 
phytohormone application, to enhance BNF and seeks to understand if differences in nodule traits 
(such as size, number or distribution) can explain differences in BNF. To better quantify nodule traits, 
a novel image analysis protocol was developed.  
To determine whether genotypic variation in nodule traits could explain differences in BNF capacity, 
six soybean genotypes with contrasting BNF capacities (based on previous literature) were studied. 
Although BNF and nodule traits varied between genotypes by up to 60%, there was no simple 
relationship between nodule formation and BNF as hypothesised. Instead, both genotype and growth 
stage interacted to affect BNF capacity, with different nodule traits influencing BNF to different 
extents across the soybean genotypes when measured at different stages. Nodule traits (nodule area 
or diameter) derived from novel image analysis techniques were better correlated with BNF than 
traditional assessment methods (nodule number or weight). 
To establish if phytohormone application could enhance BNF, three positive regulators (cytokinin, 
auxin and gibberellic acid) were applied at various concentrations via different application methods 
(seed coat, seed soak, root application and foliar spray). Of the phytohormones tested, only cytokinin 
(kinetin) gave promising results and was most effective when applied as a seed soak treatment (10-9 
mol L-1). This treatment increased total nodule area (32%), doubling BNF. Interestingly, cytokinin 
treatments led to the nodules being more tightly clustered near the root crown (81% decrease in 
x 
 
distance from root crown) suggesting that early nodule development was promoted. Indeed, 
cytokinin seed treatment increased the expression of ENOD40 by 52% after 72 hours. This suggests 
that cytokinin seed soaking primes the seeds by promoting the symbiotic pathway. 
As both genotype and cytokinin application changed nodule development and BNF in controlled 
environments, their agronomic potential was assessed in field trials in Argentina with early and 
conventional sowing dates. Low root zone temperature is a key limiting factor of nodule formation 
but is little studied despite growing interest in European grown soybean and early sowing dates 
elsewhere, where crops often experience cool growing conditions. Cytokinin treatment had limited 
positive effects on BNF but did not increase yield or total N uptake. Genotypic differences in yield 
were not explained by overall BNF across the growth period and were better associated with 
differences in soil N uptake, with 21% increase in higher yielding DM50I17. Interestingly, DM50I17 
showed increased early nodule development (18% increase in nodule number) and correspondingly 
greater (52%) early BNF which might have improved yield through greater canopy N accumulation 
(9%), available for remobilisation. These field trials indicate BNF is an important N source during cold 
conditions, maintaining N supply leading to more consistent yield. In contrast to previous literature, 
soil N uptake was more sensitive to low root zone temperature than BNF.  
Taken together, this thesis is the first detailed examination of whether nodule traits affect BNF in 
soybean. It explored the potential of genotype selection and phytohormone application to enhance 
BNF by altering the number or size of nodules. Differences in nodule morphologies, particularly 
nodules with 4 mm diameter, influence BNF with increased nodule development positively correlated 
with BNF. Cytokinin seed priming enhances root ENOD40 expression and thus nodule formation and 
BNF. However, future work should further examine the effect of cytokinin priming on the symbiotic 
pathway to fully understand the mechanism(s) behind this treatment. Equally, greater understanding 
of changes in endogenous phytohormone concentration across genotypes and following cytokinin 
treatment may explain nodule variation seen in this study. Although genotype selection and 
phytohormone treatments did not always enhance BNF sufficiently to increase soybean yield, 
cytokinin application altered important nodule traits that may provide greater N (and yield) benefits 
in specific agronomic circumstances with limited N inputs.    
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Data from three sowing dates (September, early November and late November 2018/19), in 
two genotypes (DM40R16 and DM50I17) with cytokinin application (water control, seed soak 
or foliar spray). Values are averages (n=18 plots for sowing date and cytokinin and 27 for 
genotype), with letters denoting significant difference at p < 0.05 as determined by least 
significant difference (LSD) test with ANOVA, residual SE and LSD results below with model 
residual standard error. Residual degrees of freedom are 36 .……………………………………………..87 
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Chapter 1: General introduction 
1.1 | Context 
An ever-increasing world population with changing diets puts enormous pressure on 
agricultural systems to maintain food supply (Godfray et al., 2010). Food production must 
double by 2050 (Tilman et al., 2011), in a way that is environmentally and socially sustainable 
(von Braun, 2007), and also cope with the challenges of climate change.   
In the past, expanding agricultural land area allowed increased production, keeping up with 
increasing demand. However, this greatly diminished biodiversity and carbon storage within 
global forests (Balmford et al., 2005). Agricultural land is also shrinking due to urbanisation, 
and land degradation due to soil erosion and associated nutrient losses (Nellemann et al., 
2009). There is, therefore, a need to increase production on the current agricultural land area 
while limiting the environmental impacts, a process known as sustainable intensification 
(Royal Society of London, 2009). 
Legume crops are globally important for food, feed and fuel, grown on 12-15% of the arable 
land with a production value of over $200 billion per year (Graham & Vance, 2003; Peoples et 
al., 2009; Jensen et al., 2012). However, global cereal cropping (724 million ha in 2019) far 
surpasses legume cropping (just 197 million ha 2019) (FAOSTAT Statistical Database, 2020). 
But European legume production has increased in recent years, following common 
agricultural policy reform in 2013 (Figure 1.2). Additionally, across Africa, legumes are 
becoming more important (Foyer et al., 2019). 
1.2 | Benefits of legumes 
Legumes have a number of important roles in sustainable agriculture (Figure 1.1) (Voisin et 
al., 2013; Stagnari et al., 2017) including: improving biodiversity in production systems 
(Nemecek et al., 2008; Jensen et al., 2010; Köpke & Nemecek, 2010), providing a sustainable 
N source that limits agricultural greenhouse gas emissions (Lemke et al., 2007) and an 
important plant-based protein source for humans and livestock (Tharanathan & 
Mahadevamma, 2003).  
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Legumes can improve several aspects of soil fertility, in addition to increasing soil N (detailed 
description below), which only accounts for around 20% of benefits following legumes in a 
rotation (Hesterman et al., 1986; Fyson & Oaks, 1990; Chalk, 1998). Soil organic carbon can 
be increased through continuous cropping, replacing the fallow period with a legume crop, 
so improving biological soil quality (Wu et al., 2003; Hernanz et al., 2009). Legumes can also 
mobilise phosphorus (P) through roots secreting organic acids including citrate and malate, 
allowing access to fixed soil P such as phytate (Hocking, 2001; Shen et al., 2011).  
 
 
Figure 1.1 Benefits of legumes adapted from Preissel et al., 2015 showing multiple 
ecosystem services (brown) leading to agronomic benefits (yellow) which result in system 
benefits (green).   
Soil water retention and availability can also increase as legume crops take up less water than 
cereals during growth (Miller et al., 2003) and post-harvest crop residue aids infiltration and 
retention of precipitation between crops (Kirkegaard & Ryan, 2014; Angus et al., 2015). As 
grain legumes generally have more shallow roots than cereals, soil water content can 
accumulate at lower soil depths (below 60 cm) (Miller et al., 2003; Liu et al., 2011; Wang et 
al., 2012). 
Hydrogen gas, released as a by-product of BNF (Equation 1.1) (Hunt et al., 1988), can improve 
soil microbe community favouring the development of plant growth promoting bacteria. 
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Whether legumes are infected with rhizobia which have an active uptake hydrogenase 
enzyme (Hup) or inactive Hup determine if they emit hydrogen (Evans et al., 1987). Hydrogen 
released from nodules is rapidly oxidised by soil microbes (Dong & Layzell, 2001) and is a large 
energy input which substantially alters soil microbial activity and carbon balance (McLearn & 
Dong, 2002; Stein et al., 2005). Increased yield (48%) of barley following hydrogen emitting 
(Hup-) soybean compared to non-emitting (Hup+) or non-inoculated soybean (Dean et al., 
2006) was either due to improved soil fertility or improved root growth caused by hydrogen 
emission (Dong et al., 2003). 
Legumes can also reduce the need for crop protection chemicals. As legumes and cereals are 
susceptible to different pests and diseases, they are a good break crop in wheat-based 
rotations (Zander et al., 2016). Additionally, legumes can help control weeds by stabilising 
weed composition due to differences in growth compared to cereals, disrupting different 
weed niches (Bàrberi, 2002; Seymour et al., 2012). Legume break crop benefits increase 
cereal yield by 24% compared to those grown continuously (Kirkegaard et al., 2008). 
However, to benefit from legume crops, optimal crop management practices must be 
implemented including rates and timing of N fertiliser, soil management, weeding and 
irrigation. Low and inconsistent yield in legumes is a key reason for limited cultivation of these 
crops (Cernay et al., 2015; Reckling et al., 2016). There is therefore a need to improve legume 
yield and yield stability to increase adoption by farmers.  
Soybean 
Soybean represents 61% of global legume production (FAOSTAT Statistical Database, 2020; 
Herridge et al., 2008), as it is the best source of vegetable protein for both humans and 
livestock, with a seed made of up to 46% protein (Breene et al., 1988). Due to these benefits, 
soybean is an important food for much of the world, enhancing the agricultural economies of 
many countries (Goldsmith, 2008). Unlike most other legume crops, supply chains and 
markets for soybean are well developed (Reckling et al., 2016). Global soybean production in 
2019 was approximately 334 million metric tonnes (MMT; Figure 1.2) with over 121 million 
ha used, equating to 8.4% of all farmland (FAOSTAT Statistical Database, 2020). While cool 
growing conditions constrain European soybean production (Figure 1.2) (Zimmer et al., 2016), 




Figure 1.2 Soybean production in the top four producers (Argentina, Brazil, China and 
USA) compared to limited production in Europe (FAOSTAT Statistical Database, 2020). 
 A major problem associated with the expansion of soybean cultivation is deforestation (Costa 
et al., 2007) to increase cropping area. Also, despite its limited N fertiliser needs due to 
biological nitrogen fixation (BNF; see below), soybean production does have a significant 
carbon footprint from field operations, liming and N2O emissions from residue decomposition 
(Adom et al., 2012). Therefore, increasing soybean yield per hectare has the potential to 
reduce its negative impact on biodiversity and relative carbon emissions on a yield to carbon 
basis (Appendix 1.1 CGE carbon report).  
Benefit of soybean in cropping systems  
Soybean can benefit subsequent crops in the rotation. Cereal crops grown after soybean can 
have enhanced yield of 0.49 tonnes ha-1 (Franke et al., 2018) compared to those grown 
continuously (Crookston et al., 1991; Agyare et al., 2006; Seifert et al., 2017). Soybean-maize 
rotations have more consistent yields, that do not decline like monoculture production of 
maize (Agyare et al., 2006; Uzoh et al., 2019).  
Increasing yield depends on several factors, including more sustainable nutrient 
management. Remaining soybean residues can enhance soil N content, as soybean can fix up 
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to 450 kg N ha-1 (Peoples & Craswell, 1992; Osterholz et al., 2017), thereby reducing N 
fertiliser requirements by up to 150 kg ha-1 per year (Rembon & MacKenzie, 1997). 
Phosphorus availability is improved due to soybean root exudates (Nuruzzaman et al., 2005; 
Jemo et al., 2006; Pypers et al., 2007; Richardson et al., 2009; Franke et al., 2018). Soybean – 
maize rotations also disrupt disease cycles and prevent pest build up, so limiting biotic stress. 
Soybean is not a Striga host and root exudation of strigolactones by soybean reduces the 
prevalence of Striga, a major parasitic weed affecting maize, which can decrease yields by up 
to 80% (Kim et al., 2002; Gethi et al., 2005; Kanampiu et al., 2018). As native grasses act as 
Striga hosts, cultivating soybean is preferable to leaving fields fallow (Franke et al., 2018). 
In areas with maize or soybean in consecutive years there may be negative consequences, 
such as soil degradation and water pollution, as additional agrochemical inputs are required 
to compensate for lack of ecosystem services provided through biodiversity (Davis et al., 
2012; Sindelar et al., 2016; Hunt et al., 2017). Thus, the benefit of including soybean in 
rotation is far greater than N availability with N fertiliser input not sufficient to compensate 
and maintain yield (Karlen et al., 1994; Bowles et al., 2020). Greater accumulation of soil 
organic carbon occurs with soybean-maize systems due to greater microbial activity, 
stimulated by lower lignin content and a low C to N ratio of soybean residues (Bichel et al., 
2016). 
Soybean is therefore a valuable crop, because of both the high value grain it produces and 
multiple benefits it can have when used in crop rotations.  
1.3 | Soybean nitrogen requirements 
Lack of nitrogen commonly restricts soybean crop growth and yield more than any other 
factor, when water is available (Hirel et al., 2007). High N uptake is required to achieve high 
seed yield in all crops, but especially legumes due to their high seed protein content (Sinclair 
& de Wit, 1975; Giller & Cadisch, 1995). Soybean is particularly N demanding, more than all 
other major crops, requiring 29 mg of N per g of photosynthate whereas maize requires 11 
mg (Sinclair & de Wit, 1975). Applying N fertiliser to soybean is not common due to the 
financial cost, with up to 69% of soybean N requirements typically supplied by nitrogen fixed 
from the air via symbiosis with soil bacteria (Salvagiotti et al., 2008). Agricultural production 
systems in Argentina and Brazil show that soybean cultivation can be achieved with minimal 
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N fertiliser inputs (54 kg N ha-1 annually) by relying on BNF (216 kg N ha-1 annually) (Herridge 
et al., 2008). The optimisation and effective use of BNF in agricultural systems will surely 
enhance the agricultural sustainability of this crop.  
Soybean seed yield is determined by N uptake, from either mineral N absorption or BNF, N 
use efficiency and harvest index (Donald & Hamblin, 1976; Novoa & Loomis, 1981; Rotundo 
et al., 2014). Of these factors, N uptake and assimilation are highly correlated with, and have 
the greatest effect on, final soybean seed yield (Sinclair & Jamieson, 2006; Rotundo et al., 
2014). To produce 5,000 kg of soybean grain per hectare, approximately 390 kg N ha-1 is 
required (Santachiara et al., 2017).  
Variable N fixation rates with growth stage can restrict N supply at times with demand and 
supply of N mismatched. At early stages of legume growth there is a period of N starvation, 
usually between 15-20 days after emergence, as cotyledonary N supplies are depleted before 
N fixation begins (Hungria et al., 1991). As a result, applying ‘starter N’ (50 kg ha-1) can 
increase soybean yield by approximately 3% (Gai et al., 2017), but this may be to the 
detriment of early nodule formation, thus is not advisable in low N input systems. The N 
demands of simultaneous leaf and nodule development is thought to cause this initial N 
starvation (Atkins et al., 1989). However, the greatest N requirement of soybean is at pod 
filling, when nodule senescence limits BNF (Van De Velde et al., 2006) also leading to a 
shortage of N. Achieving optimum yields requires improving the synchronicity of N uptake at 
different growth stages.  
As little or no N fertiliser is applied to soybean, N must be supplied from native soil N and 
BNF; estimated to be worth $15 billion a year globally if required as N fertiliser (Hungria & 
Mendes, 2015). The supply of N from BNF is highly variable, providing from 0%, up to around 
70% of soybean N uptake, with 68% average (Salvagiotti et al., 2008). Currently, the yield 
improvement rate in soybean is high (Figure 1.2), with global production around double that 
of 1990 (Ainsworth et al., 2012), but this mainly relies on applying nitrogen fertilisers (Specht 
et al., 1999; Salvagiotti et al., 2008) or increased land use (Masuda & Goldsmith, 2009); and 
is still not sufficient to meet future needs (Ray et al., 2013). It is likely that future yield 
increases in soybean will result from increased BNF, perhaps through altered timing of N 
supply from N fixation.  
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1.4 | Sources of nitrogen 
Although dinitrogen gas (N2) makes up most of the earth’s atmosphere (78%), N is one of the 
most limiting nutrients for crop production. Atmospheric N2 is unavailable to plants unless 
the highly stable triple covalent bond between two N atoms can be broken, producing 
ammonia (NH3) or nitrate (NO3- ). This can be achieved through natural BNF and industrial 
processes. 
Haber-Bosch 
The ability to industrially fix nitrogen, through the Haber-Bosch process, was one of the most 
important inventions of the twentieth century. It enabled the Green Revolution with its 
greatly increased crop yields, leading to increased global population (Smil, 1999; Peoples et 
al., 2009; Jensen et al., 2012). Nitrogen fertiliser produced in this way sustains around half 
the world population (Fryzuk, 2004; Erisman et al., 2008), overtaking BNF as the dominant N 
source in the 1950s. With an increasing population, industrially fixed N continues to be heavily 
relied upon as indicated by global N application rates increasing 10-fold from 1950 to 2008 
(Robertson & Vitousek, 2009).  
The environmental impact of such a high N application rate occurs at multiple stages, from 
the acquisition of fossil fuels needed to power the process of N fertiliser production to the 
release of N2O gas from fields after fertiliser application, a greenhouse gas with 292 times 
more potent warming effect than carbon dioxide (Crutzen et al., 2008). Currently, 1% of world 
energy is used to provide 65% of global nitrogen fixation through this industrial process 
(Smith, 2002; Conley et al., 2009). The costs associated with this huge amount of N production 
equate to 50% of agricultural fossil fuel use and 5% of global natural gas consumption (Crutzen 
et al., 2008; Canfield et al., 2010). Additionally, fossil fuel prices will likely increase, increasing 
the cost of N fertilisers and putting them out of reach of many farmers in developing regions 
and reducing profit for all.  
Additional negative impacts of N fertilisers are caused by over-use and inefficient uptake, with 
30-50% lost due to leaching, resulting in additional environmental damage including 
eutrophication of waterways (Choudhury & Khanif, 2001; Vance, 2001; Halvorson et al., 
2002). An estimated 48 Tg per year of anthropogenic N is lost from land to sea (Schlesinger, 
2009), from atmospheric nitrous oxide, ammonia volatised from fertiliser and decomposition 
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and nitrate leaching to underground water. An agricultural system so reliant on the Haber-
Bosch process cannot be considered sustainable for climate change or the nitrogen cycle, with 
the safe planetary boundaries for N already being exceeded (Rockström et al., 2009; Canfield 
et al., 2010; Charpentier & Oldroyd, 2010; Beatty & Good, 2011). Clearly, therefore, an 
alternative N source is required to satisfy future demand. Furthermore, improved technology 
to match supply with uptake is critical.  
Biological nitrogen fixation 
Biological nitrogen fixation is the natural process of turning atmospheric N2 into plant 
available NH3. The majority of BNF occurs in oceans with over 400 Tg N per annum (Codispoti, 
2007). In agriculture, there are many symbiotic systems that are beneficial, not all of them 
occurring in legumes. BNF from non-legumes, in association with free-living bacteria, provides 
23 Tg N fixation per year (Herridge et al., 2008), and can provide 75% of rice N requirements 
(Halvin et al., 2005). 
Legume crops are, however, the main source of natural agricultural N fixation, forming 
endosymbiotic relationships with soil bacteria (rhizobia) in which BNF occurs to supply N to 
the host in exchange for reduced carbon. Increased N provision from this symbiosis benefits 
the host legume as well as subsequent crops (Peoples et al., 2009), which is particularly 
important where N fertiliser application is limited (Preissel et al., 2015). However, global 
industrially derived N inputs still outweigh that from symbiosis with 121 compared to 40 Tg N 
per year, respectively (Conley et al., 2009).   
Biological nitrogen fixation is crucial for agriculture as industrial N production does not meet 
demand. The environmental damage of industrial N fixation will likely lead to increased 
reliance on legumes in future sustainable agricultural systems (Serraj et al., 1999). Nitrogen 
contribution from agricultural legumes is estimated to be between 33-46 Tg leading to N 
fertiliser reduction which equates to 277 kg ha-1 of CO2 per year (1 kg N = 3.15 kg CO2) across 
European cultivated cropland (Jensen et al., 2012). Legumes differ in their ability to fix N with 
the amount of plant N derived from nitrogen fixation (%Ndfa) ranging from an average of 40% 
in Phaseolus vulgaris (common bean) to 75% in Vicia faba (Faba bean) with soybean at 68% 
(Herridge et al., 2008). Higher rates of 69-94% Ndfa have been reported in Brazilian soybean, 
equating to 70-250 kg N ha-1 (Alves et al., 2003; Hungria et al., 2005). On average, soybean is 
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able to acquire 50-60% of its own N requirement through BNF (Salvagiotti et al., 2008). 
However, new soybean cultivars are less able to fix N than older ones as breeding and 
selection occur at sites of high N availability (van Kessel & Hartley, 2000; Nicolás et al., 2002) 
potentially making future soybean yield increases challenging without the use of N fertiliser 
input.  
Enhancing symbiosis can therefore increase crop yields by improving nutrient supply, whilst 
limiting negative environmental impacts of N fertiliser use and thus improving agricultural 
sustainability (Vance, 2001; Peoples et al., 2009; Rockström et al., 2009; Canfield et al., 2010; 
Jensen et al., 2012). 
1.5 | Nodules 
Nodules are specialised root organs that evolved around 58 million years ago in certain 
legume species to host N2 fixing rhizobia in a tightly controlled manner. In N-limiting 
conditions, a complex exchange of signals between symbionts leads to nodule formation. 
Nodulin (Nod) genes are plant genes that are specific to nodulation and nodulation (nod) 
genes are rhizobial genes used in nodule formation. During root nodule formation, two 
processes, infection and nodule organogenesis, occur simultaneously. During infection, 
rhizobia attached to the root hairs and cause them to curl. The infection thread, a tubular 
extension of the plasma membrane, transports rhizobia from the root hair tip to the root 
cortex. At the same time, cortical cells dedifferentiate and divide to form a distinct area in the 
cortex called a nodule primordia. When the infection thread enters the nodule primordia, 
rhizobia are released into membrane bound compartments, called symbiosomes (Udvardi & 
Day, 1997), and differentiate into nitrogen-fixing endosymbiotic organelles called bacteriods. 
Nodule biology is important to understand potential enhancements to BNF.  
Nodule structure 
There are two nodule types (Figure 1.3), determinate which form on soybean, common bean 
and Lotus japonicus roots and indeterminate forming on Medicago truncatula, Medicago 
sativa (alfalfa) and Pisum sativum (pea). Determinate nodule growth stops at maturity and 
BNF starts, whilst indeterminate nodules maintain a meristematic zone that allows continued 
growth alongside BNF. Determinate nodules begin with divisions in the outer and middle root 
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cortex cells and lose meristematic activity soon after initiation and instead grow through cell 
expansion leading to a globular form with a homogeneous inner core of infected cells. 
Indeterminate nodules are derived from pericycle and inner cortex cell division and maintain 
an active apical meristem leading to an elongated cylindrical morphology giving them a more 
complex structure divided into five zones (Figure 1.3). Products of BNF are also different, and 
are determined by the rhizobium species with which they are associated. Determinate 
nodules export ureides, while indeterminate nodules export amides. Nodule life cycle also 
differs between nodule types, core cells of determinate nodules develop simultaneously and 
senesce together whereas indeterminate nodules continue to grow with fixation zones 
becoming a senescence zone with time (Van De Velde et al., 2006). 
 
 
Figure 1.3 Structure of indeterminate and determinate nodules. I: meristematic region, 
II: infection zone, II-III: interzone II-III, III: nitrogen fixation zone, IV: senescent zone, V: 
saprophytic zone, S: senescent zone, NF: nitrogen fixation zone (adapted from Scholte, 
2002).  
Nitrogenase 
The enzyme that catalyses BNF is nitrogenase (equation 1.1), using 52% of nodule respiratory 
energy (Rainbird et al., 1984). Two component proteins, the iron (Fe) protein and the iron-
molybdenum cofactor (MoFe) protein, make up nitrogenase. The Fe protein is an ATP-binding 
site and MoFe the site of substrate binding and reduction. The nodulation genes fixABCX 
encode proteins required for N2 fixation (Hageman and Burris, 1978; Earl et al., 1987), and 
structural genes nifH, nifD and nifK encode an iron protein subunit, MoFe protein α-subunit 
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and β-subunit, respectively (Sundaresan & Ausubel, 1981). Nitrogenase forms two products, 
ammonia (NH3) and ammonium (NH4+) which diffuse first out of the bacteroid then diffuse or 
are transported across the symbiosome membrane (Bisseling et al., 1979). Assimilation by the 
host then takes place in the infected cell cytosol, with the enzymes glutamine synthetase and 
glutamate synthase producing glutamine from ammonium. These are then transported to the 
shoot as either amides (asparagine and glutamine) in species with indeterminate nodules, or 
as ureide (allantoin and allantoic acid) in soybean and other species with determinate nodules 
(Karr et al., 1990; Day et al., 2001).  
Leghaemoglobin  
As BNF is an energy intensive process it requires high rates of respiration to produce sufficient 
ATP to power it, so an adequate oxygen supply is essential. However, nitrogenase is very 
oxygen sensitive, being irreversibly inhibited through conformational changes or limited by 
decreased electron transfer (Robson & Postgate, 1980). Leghaemoglobin, giving active 
nodules a pink colour, maintains high oxygen flux in micro-aerobic conditions whilst also 
protecting nitrogenase by scavenging oxygen, so maintaining low oxygen concentrations 
(Hirsch, 1992).  
1.6 | Plant regulation of BNF 
As BNF is energy demanding, the host needs to balance N demands with the C cost. The 
energetic cost of symbiosis is 16 ATPs for N2 reduction (equation 1.1) (Kahn et al., 1998).  
N2 + 8H+ + 8e- + 16ATP → 2NH3 + H2 + 16ADP + 16Pi         (1.1) 
When comparing energy costs of nitrate uptake to BNF, other factors such as nodule 
development must be considered (Valentine et al., 2010). BNF is thought to require 
significantly more energy than nitrate uptake and reduction, for soybean 8.28 mg C per mg of 
N compared to 4.99 mg C per mg of N, respectively (Finke et al., 1982). The ability of legumes 
to grow in low N environments, however, clearly justifies these costs from an evolutionary 
perspective and now makes them important in low N fertiliser cropping systems.  
Due to the cost of symbiosis, plants have a number of regulatory mechanisms to control 
nodulation. Key regulatory mechanisms are autoregulation of nodulation (AON), shoot 
12 
 
nitrogen, oxygen permeability, carbon supply and metabolism each of which are influenced 
by environmental stresses.   
Autoregulation of Nodulation 
Plants can regulate BNF by adjusting nodule number with autoregulation of nodulation (AON) 
controlling numbers (Reid et al., 2011), suppressing 90% of rhizobial infection events. This 
allows the host to balance the need for N with the energy cost of nodule establishment and 
maintenance of nodules. Both positive and negative regulators of nodulation are required for 
proper nodule formation (Ferguson et al., 2010), including hormonal control as outlined 
below. While the loss of any positive regulator usually inhibits nodulation, loss of a negative 
regulator enhances nodule numbers leading to a super-nodulation phenotype. Plants with 
non-functional AON are stunted and have low yields as excessive nodule development drains 
plant resources. Therefore, efforts to enhance BNF through nodules are unlikely to result 
simply from increased nodule number but rather in other traits such as nodule size. 
Shoot nitrogen 
Plant N status influences rates of BNF by altering nodule number and size, with maximum 
rates at times of high demand, such as pod filling (Fischinger et al., 2010) and lower rates due 
to N remobilisation (Fischinger et al., 2006). Shoot N may also regulate BNF in nodules 
directly, involving the nodule oxygen diffusion barrier, which responded to low-level 
ammonium application to soybean shoots (Neo & Layzell, 1997). Rates of BNF also vary with 
phenological stage (Cabeza et al., 2015). Certain amino acids, such as glutamate (Fischinger 
et al., 2006; Forde & Lea, 2007), glutamine (Neo & Layzell, 1997), aspartate (King & Purcell, 
2005), asparagine (Sulieman & Schulze, 2010) and ureide (Ladrera et al., 2007) also have a 
role as long distance, phloem transported, signals of shoot N status (Sulieman & Tran, 2013). 
BNF is regulated by N demand, whereby if N demand is less than N supply from fixation, then 
these N signalling molecules enter the phloem and are carried to the nodule, causing a 
reduction in BNF.   
Oxygen permeability 
Adequate oxygen supply to the nodule interior is a key factor regulating nodule activity  (Dong 
& Layzell, 2001). A high concentration of oxygen within the nodule can risk denaturing 
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nitrogenase, whilst a low concentration limits BNF, due to limited respiration and thus ATP 
production (Marchal et al., 2000). Despite being oxygen sensitive, nitrogenase activity 
increased as the root oxygen concentration was increased gradually, so indicating oxygen 
limitation in ambient conditions (Hunt et al., 1989). Oxygen concentration within a nodule is 
influenced by its morphology, as the size of intercellular spaces in the central nodule tissue 
alters internal oxygen gradients. Larger internal spaces allow greater oxygen gradients across 
nodule tissue, so limits oxygen diffusion out of the symbiosome (Bergersen, 1997; Vance et 
al., 1998). An oxygen diffusion barrier controls oxygen diffusion from the nodule cortical cells 
to the inner cells, creating sharp differences in oxygen concentration between these regions 
(Tjepkema & Yocum, 1974). The oxygen diffusion barrier responds to restricted plant growth, 
and limits BNF to an appropriate level for current N demand (Kleinert et al., 2017). 
Leghaemoglobin is required for BNF as it allows high levels of respiration whilst also buffering 
free O2 concentration, maintaining very low O2 concentrations in active nodules (Appleby, 
1984; Ott et al., 2005). 
Carbon supply and metabolism 
Biological nitrogen fixation has a high energy demand consuming much photosynthate 
(Schulze, 2004). The amount of C is species and growth stage dependent ranging from 1.4-12 
g C per g N (Schuize et al., 1999). Therefore, plants carefully regulate the need for N with 
carbohydrate reserves (Unkovich et al., 2010; Sulieman & Tran, 2013). Sucrose is the primary 
C source for nodules (Stacey, 2007), converted into malate and succinate by sucrose synthase, 
which are used as C source in bacteroids (Walsh, 1990). Nodule starch accumulation, 
indicating sufficient or excess supply (Redondo et al., 2009), is not interrupted by day-night 
cycles (Cabeza et al., 2015) showing that BNF is not synchronous with plant photosynthesis 
(Vance & Heichel, 1991; Schulze, 2004). Elevated CO2 does, however, increase BNF rates 
(Rogers et al., 2009), associated with increased nodule number and mass as well as increased 
nitrogenase activity (Lam et al., 2012). Therefore, nodule metabolism is limited by phloem 
supply to nodules and not longer-term shoot carbohydrate status. Therefore, improved 
nodule vasculature, allowing increased phloem C supply, could enhance BNF.  
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Environmental constraints to BNF 
Nitrogen fixation is very sensitive to abiotic stress. Whilst stresses like drought, salinity, acidity 
and phosphorus deficiency have all been well studied (Valentine et al., 2010), others like cold 
stress have not. Suboptimal root zone temperatures (RZT; <25°C) delay BNF onset and nodule 
initiation (Legros & Smith 1994; Mishra et al., 2009; Poustini et al., 2005; Zhang et al., 1995). 
Early stages of nodule establishment are restricted (Lindemann & Ham, 1979; Lynch & Smith, 
1993; Matthews & Hayes, 1982), especially infection and early nodule development, due to 
limited nod gene expression and NF synthesis, see below (Shiro et al., 2016; Zhang & Smith 
1994). 
1.7 | Nodule development and phytohormones 
Nodule formation first involves signalling between the host and rhizobia, followed by root 
hair curling, infection thread formation, cortical cell division and development of vasculature 
(Figure 1.4). Each stage of this process, explained below, is tightly controlled by 
phytohormones which are required for proper nodule development.  
Signalling and perception 
To initiate nodulation, both symbionts release diffusible molecules that must be mutually 
recognised to initiate further signalling (Dénarié et al., 1996). Flavonoids released by the host 
plant are recognised by compatible rhizobia, usually Bradyrhizobium japonicum for soybean 
(Oldroyd, 2013), activating rhizobial genes, including nod genes that encode Nod factors (NF) 
(Redmond et al., 1986; Caetano-Anollés & Gresshoff, 1993; Denarie & Debelle, 1996; Spaink, 
2000). The NF initiates nodule development in compatible host legumes but only in a transient 
portion of the developing root known as the ‘zone of nodulation’ (Bhuvaneswari et al., 1980; 
Calvert et al., 1984). In this region, root hairs remain sufficiently plastic to allow deformation 
and invasion by rhizobia. Even before endosymbiosis, phytohormones secreted into the 
rhizosphere can influence rhizobia (Figure 1.4A). Strigolactone has been identified in 
Medicago truncatula root exudates (Liu et al., 2011) and the biosynthesis gene (CCD8) is 
induced in root hairs, suggesting strigolactones are secreted during infection (Figure 1.4A) 
(Breakspear et al., 2014). Additionally, gibberellic acid (GA3) application to B. japonicum in 
vitro downregulates expression of nodulation genes nifA, nifH and fixA, with nitrogenase 
activity also decreased (Chen et al., 2015). Conversely, rhizobial gene expression (nif and fix 
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genes) is increased following auxin (IAA and 2,4-D) (Bianco & Defez, 2010) or jasmonate 
(jasmonic acid and methyl jasmonate) application (Rosas et al., 1998; Mabood & Smith, 2005; 
Mabood et al., 2006). This suggests that plants use phytohormones as additional signals to 
promote symbiosis. 
Nod factors released by rhizobia are recognised by two LysM domain receptor-like kinases, in 
soybean NF response 1 and 2 (GmNFR1 and NFR5) (Popp & Ott, 2011; Oldroyd, 2013; Zipfel 
& Oldroyd, 2017). NF perception by the host leads to cytokinin accumulation (Figure 1.4B) 
(Oldroyd, 2007; van Zeijl et al., 2015) and induces expression of cytokinin responsive genes 
(NIN and EFD) and cytokinin response regulators (RR4 and RR1) (Gonzalez-Rizzo et al., 2006; 
Vernié et al., 2008; Plet et al., 2011), showing the effect of cytokinin signalling at several 
stages of the symbiotic pathway. Additionally, most early transcriptional changes after NF 
application (3 hours post inoculation) are dependent on the histidine kinase cytokinin 
receptor (CRE1) (van Zeijl et al., 2015) initiating the symbiotic signalling pathway. 
 
Figure 1.4 The role of phytohormone signalling through nodule development: host 
signalling (A), Nod factor (NF) perception leading to the symbiotic signalling pathway (B), 
root hair curling and infection thread formation (C), bacterial release and cortical cell 
division (D) and nodule differentiation and maturity (E). Hormone abbreviations are as 
follows: abscisic acid – ABA, auxin – Aux, cytokinin – CK, ethylene – ET, gibberellin – GA, 
jasmonic acid – JA and strigolactones – SL.   
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Nod factor application upregulates ethylene biosynthesis genes (van Zeijl et al., 2015) and 
salicylic acid accumulates following inoculation with incompatible rhizobia (Martinez-Abarca 
et al., 1998). Abscisic acid (ABA) regulates nodule formation with the balance between ABA 
and NF determining if nodulation will occur (Ding et al., 2008). Gibberellin biosynthesis genes 
(GA20-oxidase a and GA 3-oxidase 1a) are NF dependant (Lievens et al., 2005; Hayashi et al., 
2012; Breakspear et al., 2014), with expression peaking 12 hours after inoculation before 
declining. This signalling involving a number of phytohormones is evident of the tight 
regulation involved during nodule initiation. 
Symbiotic signalling pathway 
Downstream signal transduction cascades, following NF perception, involve nuclear 
membrane potassium ion-channel proteins (Ané et al., 2004; Riely et al., 2007) and 
nucleoporins (Kanamori et al., 2006; Saito et al., 2007). These proteins cause calcium spiking, 
oscillations in cytosolic calcium, around 10 minutes post NF perception (Wais et al., 2000; 
Walker et al., 2000) through the rapid influx of calcium ions followed by membrane 
depolarisation efflux of chlorine and potassium in root hair cells (Felle et al., 1999). Calcium 
and calmodulin-dependent kinase (CCaMK) perceives calcium spiking leading to the activation 
of several transcription factors. These include nodulation signalling pathway 1 and 2 (NSP1 
and NSP2) (Kalo, 2005; Smit, 2005), Ets repressor factor (ERF) required for nodulation (ERN; 
Middleton et al., 2007) and nodule inception (NIN) (Schauser et al., 1999; Borisov et al., 2003) 
which together act to promote early nodulation (ENOD) genes in the epidermis, regulating 
bacterial infection (Figure 1.4B). Cytokinin has an important role in initiating the symbiotic 
signalling pathway, discussed in Chapter 3.  
Nodule initiation is regulated by ethylene and JA with plant responsiveness to NF reduced 
through a negative feedback loop. Upregulation of ethylene biosynthesis genes (ACC 
synthases) following NF-induced cytokinin accumulation negatively regulates further NF 
signalling and subsequent cytokinin accumulation (van Zeijl et al., 2015). GA inhibits early 
nodulation events at the epidermis, between LHK1 and NSP2 in the nodulation signalling 
pathway, with an opposite effect to cytokinin by downregulating NSP1, NSP2, NIN and 




Ethylene and jasmonic acid act together to inhibit nodulation by suppressing and altering 
calcium spiking (Oldroyd et al., 2001; Sun et al., 2006). Ethylene (shortens spiking period) and 
JA (lengthens spiking length) have antagonistic effects (Sun et al., 2006). This cross-talk 
between hormones tunes the nodulation process by inducing early nodulin gene expression 
(EFR1, RIP1 and ENOD11) (Lorenzo et al., 2003; Sun et al., 2006). ABA application abolishes 
NF induced calcium spiking and gene expression (Ding et al., 2008). Activation of CCaMK leads 
to local cytokinin accumulation, stimulating cortical cell division of nodule primordia (Frugier 
et al., 2008). 
Root curling and infection thread formation 
Perception of NF causes swelling and growth of the root hair tip in the direction of NF, causing 
root hair curling (Figure 1.4C) (Heidstra et al., 1994; De Ruijter et al., 1998). As the root hair 
curls, 6-8 hours post inoculation, continuously dividing rhizobia are trapped (Callaham & 
Torrey, 1981; Turgeon & Bauer, 1985) and subsequently enter the root down the infection 
thread after 12 hours (Turgeon & Bauer, 1985; Gage, 2004). Root hair growth is induced by 
auxin (Pitts et al., 1998), which is known to increase cell wall extensibility allowing infection 
pocket formation and growth of infection threads (Oldroyd et al., 2001; Esseling et al., 2003). 
As cytokinins affect auxin transport (Dello Ioio et al., 2008; Plet et al., 2011; Marhavý et al., 
2014), it is likely that auxin accumulation is induced through cytokinin activity (Suzaki et al., 
2013). At the epidermis, ABA application decreased the number of bacterial colonies within 
root hair curls, and inhibited the step between root hair swelling and curling (Suzuki et al., 
2004). 
Auxin signalling is important for root hair infection, with auxin-response genes locally induced 
in infected cells (Breakspear et al., 2014). GA suppresses infection thread development in pea 
(McAdam et al., 2018) and applying the GA biosynthesis inhibitor (UniP) increased nodulation 
and infection threads (Maekawa et al., 2009). JA application suppressed nodulation in the 
har1-4 super-nodulating mutant by inhibiting root hair curling, infection thread and nodule 
primordial development (Nakagawa & Kawaguchi, 2006).  
Cortical cell division 
The infection thread elongates into the cortex cell below the infection site, which has already 
initiated cell division to form the nodule primordium (Figure 1.4D) (Calvert et al., 1984; 
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Mathews et al., 1989). Cell cycle responses occur and coincide with auxin responses and both 
strigolactone and GA biosynthesis (Breakspear et al., 2014). In determinate nodulation, 
cytokinin response genes are activated in the outer cortex cells (Lohar et al., 2004; Plet et al., 
2011; Held et al., 2014). The positive effect of cytokinin application on cell division and 
expression of early nodulation gene is well documented (Jiménez-Zurdo et al., 2000; 
Mathesius et al., 2000; Tirichine et al., 2006; Murray, 2007) and this is likely through auxin, as 
cytokinin induces auxin transport inhibitors leading to auxin accumulation which drives cell 
division. As nodules form, three auxin transporter-like proteins are upregulated in developing 
primordia showing active auxin import (de Billy et al., 2001). Ectopic overexpression of the 
microRNA160 gene in soybean, that negatively regulates auxin response factor genes, 
resulted in fewer nodules (Turner et al., 2013). In this case, nodule development and not 
initiation was inhibited, which could be because the transition from cell division and 
differentiation requires specific gradients of auxin distribution (Turner et al., 2013). 
Applying very low concentrations of ethylene (0.07 ppm) greatly reduced cortical cell 
divisions, which leads to nodule primordium formation (Lee & La Rue, 1992). ABA also has a 
role in the regulation of cortical cell division by down-regulating cytokinin levels. This was 
proved using the L. japonicus gain-of-function LHK1 cytokinin receptor mutant, usually 
forming spontaneous nodules, was suppressed by 1 µM ABA treatment (Ding et al., 2008). 
Mature nodule 
When the infection thread reaches the dividing cortex, rhizobia are released into membrane 
bound compartments (symbiosome) (Udvardi & Day, 1997) where they differentiate into 
bacteroids, the nitrogen fixing form (Figure 1.4E). Cytokinins are required in certain 
expression windows to control both nodule numbers and differentiation (Mortier et al., 
2014). The cytokinin response receptor (CRE1) controls the transition between meristematic 
and differentiation zones in mature nodules, suggesting a requirement for cytokinin at late as 
well as early stages of nodulation (Plet et al., 2011). Despite early negative regulation, GA 
appears necessary for proper nodule organogenesis, as GA deficient na pea mutants form 
limited numbers of small white nodules with reduced meristems (Ferguson et al., 2005; 
Ferguson et al., 2011). This demonstrates that nodule size and function is promoted by GA, 
as small nodules that formed on na mutants contained bacteria more like that of infection 
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threads than the large bacteriods of wild types and led to reduce BNF (McAdam et al., 2018). 
The dual role of GA can be explained spatially, whereby it limits infection thread formation in 
root hairs but promotes nodule organogenesis in the cortex (McAdam et al., 2018). 
The nodule structure is formed of central nodule and vascular tissue (Newcomb et al., 1979; 
Calvert et al., 1984; Ferguson et al, 2005). Although ABA negatively regulates nodulation in 
early stages it is elevated in developing nodules (Ferguson & Mathesius, 2014), being required 
for proper nodule meristem formation with the ABA-insensitive latd M. truncatula mutant 
having small white nodules, suggesting a positive role in later nodule development (Liang et 
al., 2007). Ethylene is also a strong negative regulator of nodulation but does not alter the 
number of mature nodules (Nukui et al., 2004). Thus, hormones act at specific stages of 
nodulation. Nodules usually remain on the root for a few weeks then senesce and are 
replaced by new ones. Nodule senescence is triggered through nitric oxide (NO) accumulation 
in the active zone of nodules (Hichri et al., 2016). 
1.8 | Summary  
Sustainable intensification is required to enable future food supply with increasing population 
and unpredictable future climate. Soybean, as a protein source for humans and livestock, is a 
globally important crop. Its nitrogen fixation capacity may help mitigate some of the 
environmental damage associated with its production. Sufficient nitrogen is crucial for 
soybean yield therefore increasing BNF is key to sustainably reaching its yield potential. 
Nodules are the site of BNF and although symbiotic rhizobia and mechanisms behind plant 
signalling events have received much attention, nodules themselves and the impact of 
changes in their morphology on BNF are not well understood. Phytohormones are involved 
in each step of nodule initiation, development and function but the ability of phytohormone 
application to enhance BNF of soybean has not been explored.  
The overall working hypothesis of this thesis is that increased nodule size or speed of 
establishment will alter BNF, and that genotype selection and phytohormone application may 
enhance BNF leading to increased yield in soybean.   
Chapter 2 aimed to: (i) assess the performance of a novel image based nodule quantification 
method, (ii) examine genotypic differences in nodule development and BNF over time and (iii) 
determine the influence of different nodule traits on BNF. It was hypothesised that genotypes 
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would show genotypic differences in BNF, as seen previously, and that this could be explained 
by nodule traits. It was also hypothesised that the novel nodule quantification method would 
better detect such genotypic differences compared to conventional methods.  
Chapter 3 aimed to: (i) determine an optimal hormone treatment that could enhance nodule 
traits, leading to increased BNF and (ii) determine the timing of treatment effects. It was 
hypothesised that the hormone treatments would enhance nodule traits and that this would, 
subsequently, increase BNF. As the hormone treatments were applied at early growth stage, 
it was hypothesised that they would alter early nodule development through a priming effect 
on the symbiotic pathway.  
Lastly, Chapter 4 aimed to assess the agronomic potential of both genotype selection and 
phytohormone application. It was hypothesised that enhanced nodule development and BNF, 












Chapter 2: Genotypic variation and importance of nodule traits in 
regulating BNF  
2.1 | Introduction 
BNF depends on successful nodulation and the efficiency of rhizobia to reduce atmospheric 
N2. Nodulation is tightly regulated by the host plant, controlling the number, development 
and turnover of nodules (Ferguson et al., 2010; Sulieman & Schulze, 2010). There is a fine 
balance between plant N requirements and the C supply to nodules. Investment in and 
regulation of nodules is therefore important for N fixation, but whether the location of 
nodules, observed on legume root systems, affect fixation capacity is unclear. Soybean roots 
show a variety of nodule patterns that could comprise many small nodules or a few large 
nodules, perhaps due to variations in C allocation (Ikeda, 2003). Nodule size, spread across 
the root system (distribution) and timing may all influence the supply of N from BNF. 
Defining ‘successful’ nodulation can be complex, as nodule morphology and physiology vary 
across legumes (Walsh, 1995), and even within species due to infection from different 
rhizobia strains (Ferreira et al., 2000). Various traits are used to quantify nodulation success, 
the most common being nodule number and total nodule weight. Of these, nodule number is 
most frequently reported (Ferreira et al., 2000; Albuquerque et al., 2012; Barros et al., 2013), 
but it is often not correlated with increased BNF (de Araujo et al., 2017). Nodule counting is 
also prone to human error. Instead, other factors such as nodule size have a greater influence 
on fixation (Hungria & Bohrer, 2000; Voisin et al., 2003; Tajima et al., 2007; de Araujo et al., 
2017), although the biological reason for this is not fully understood. Total nodule weight is 
also frequently measured, but this does not reflect variation in individual nodule sizes 
comprising whole plant nodulation. Soybean appears to show preference to associate with 
certain strains, thereby increasing BNF capacity (Hungria & Bohrer, 2000) but the effect this 
has on nodule traits is also unknown. Irrespective of what causes variations in nodulation, this 
chapters seeks to better understand successful nodulation phenotypes for soybean. 
High yielding soybean is dependent on nitrogen application to reach its yield potential (Specht 
et al., 1999; Salvagiotti et al., 2008). New genotypes have reduced capacity for BNF (Hungria 
& Bohrer, 2000; van Kessel & Hartley, 2000; Nicolás et al., 2002), reflecting the recent focus 
22 
 
of breeders on above-ground traits (Hungria et al., 2006). It is likely that genotypic variation 
in BNF capacity is determined by nodule phenotypes, as these organs host the symbiosis. 
Additionally, the timing of BNF affects yield and seed protein content with BNF in vegetative 
stages improving canopy development and in late reproductive stages allowing continued N 
accumulation, so reducing reliance on vegetative N remobilisation (Fabre & Planchon, 2000). 
Legume crop improvement efforts have recognised the importance of root traits (McPhee, 
2005; Gonzalez-Rizzo et al., 2009; Schultz et al., 2010) and the efficiency of BNF (Shtark et al., 
2010) but not nodulation. Understanding how variations in nodule phenotypes affect BNF 
could both guide plant breeding efforts, and inform the timing and success of biostimulant 
treatments, together these approaches will aid crop improvement efforts.  
Nodule distribution reflects initial nodulation rate and efficacy (Bhuvaneswari et al., 1983; 
Pierce & Bauer, 1983; Crist et al., 1984; Heron & Pueppke, 1984; Malik et al., 1984) as only 
part of the root system, with newly formed root hairs, can be infected at any one time. In this 
way, it can be assumed that plants with less distributed nodules (close to the root crown) 
formed nodules sooner. It therefore follows that early nodule formation will lead to earlier 
BNF. It is unclear whether nodule distribution influences overall BNF, with conflicting results 
seen (Hardarson et al., 1989; McDermott & Graham, 1989). When nodule root position of 
soybean was manipulated by varying the inoculation technique (seed or soil), timing or depth, 
nodules that formed on lower root portions showed increased BNF compared to those at the 
crown (Hardarson et al., 1989). However, nodule occupancy with inoculant strains, compared 
to native rhizobia, led to increased BNF in upper root nodules (McDermott & Graham, 1989).  
As well as the speed of nodule initiation, timing of BNF is important for plant growth as 
asynchronous N fixation and demand may limit soybean growth (Phillips & DeJong, 1984; 
Keyser & Li, 1992). Soybean genotypes have differing abilities to fix N at early and late stages 
(Burias et al., 1990; Herridge et al., 1990; Pazdernik et al., 1996; Fabre & Planchon, 2000; 
Hamawaki & Kantartzi, 2018). Changes in nodulation across these growth stages may help to 
explain this variation. Although genotypes able to form nodules in early growth may establish 
BNF sooner, this could incur a cost with earlier nodule senescence limiting N fixation in 
reproductive stages.  
Individual nodule size appears important with greater fixation capacity in larger nodules 
shown through specific BNF, that is BNF per gram of nodule weight (Voisin et al., 2003; Tajima 
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et al., 2007). This could be due to increased import of C to nodules, due to increased nodule 
vasculature (Purcell et al., 1997; King & Purcell, 2001), as a linear relationship between C 
allocation and BNF occurs at all growth stages (Voisin et al., 2003). Photosynthate supply to 
individual nodules is determined by the rate of supply and nodule competition (Ikeda, 2003), 
such that increased nodule number will likely reduce specific BNF. However, since increased 
nodule size enhances BNF, there may be physiological changes enabling this. 
When viewed in cross-sections, larger nodules have a greater proportion of infected tissue 
than small ones, with a linear relationship between nodule diameter and rhizobia infected 
area (Tajima et al., 2007). This equates to 25% of the inner nodule tissue being infected in 2 
mm nodules, compared to 60% in 4 mm nodules (Weisz & Sinclair, 1988). Larger nodules, with 
more N fixing tissue, have a higher energy demands than small nodules, with increased sink 
capacity and thus photosynthate requirement (King & Purcell, 2001). As nitrogenase is highly 
oxygen-sensitive, oxygen permeability is tightly controlled by leghaemoglobin. Greater 
control of internal nodule oxygen may also lead to increased BNF. Larger nodules have a 
greater leghaemoglobin content and likely alter oxygen permeability due to their reduced 
surface area to volume ratio (Hunt & Layzell, 1993). The effect of nodule size on C supply and 
metabolism or O2 permeability has, however, not been studied.  
Classifying nodules into sizes makes it possible to predict their BNF capacity for different 
species, with 2-2.5 mm regarded as optimal in Arachis hypogaea (peanut) (Tajima et al., 2007) 
and 3-4 mm in common bean and soybean (Vikman & Vessey, 1993; King & Purcell, 2001). 
However, whether the frequency of these nodules alters whole root N fixation has not been 
shown. Detailed quantification of nodule distribution is possible (Remmler et al., 2014) but it 
is very time-consuming thus limiting its applications. Detailed quantification of nodule size is 
also lacking. Image-based systems have showed high accuracy when quantifying nodule 
number, especially when nodules are removed from roots (Lira & Smith, 2000), but again do 
not consider nodule size or apply this technique to better understand nodule physiology. 
Where nodules have been considered in terms of size (Vikman & Vessey, 1993; King & Purcell, 
2001; Tajima et al., 2007) this has showed differences in nodules of varying sizes but not the 
number of nodules within size classes per plant. Determining size classifications of nodules 
could therefore be beneficial, but previous methods involve manual, time consuming 
methods using size guides. In this study, a novel high throughput image analysis protocol was 
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developed to calculate semi-automated whole root nodule number, size and spread across 
the root system (distribution), allowing timing to be inferred. 
The USDA soybean germplasm is a valuable genetic resource, but its use has mainly been 
limited to plant pathology, morphology and seed composition (Posadas et al., 2014). This 
study aimed to establish if changes in nodulation could explain the variation in BNF across 
genotypes, as seen previously (Hamawaki & Kantartzi, 2018). It was hypothesised that certain 
nodule traits, such as size, may explain differences in BNF, and that there is an optimum 
nodule size for BNF. Genotypes with early nodulation are hypothesised to have greater BNF 
capacity during vegetative growth but limited fixation in reproductive stages. This chapter 
also aims to assess a newly developed image-based quantification method for its ability to 
help quantify nodule variation across genotypes; and the effect of this variability on BNF over 
time. It was hypothesised that image-based nodule quantification would be more sensitive 
and detect subtle differences in nodulation, not possible with weight based methods. 
2.2 | Method 
Developing high throughput nodule quantification 
As nodule quantification is very labour intensive, involving counting large numbers of nodules, 
a method was developed here to increase the speed and accuracy of this process. Manually 
counting of nodules can be very error prone, leading to subtle fluctuations in nodule traits, 
crucial for detecting genotypic or treatment differences, being missed. While computational 
image analysis techniques can increase the speed and accuracy of this process, first an 
accurate method for removing nodules from roots and taking images had to be developed. 
This was because in whole root scans, nodules are often obscured, making it difficult to 
accurately estimate nodule number or area. Three imaging methods were used, two involving 
taking images on a mobile phone and the last using a scanner (Epson expression 11000XL Pro 
with transparent unit). These methods were correlated with the more labour-intensive 
conventional method of manually counting nodules. Extra care was taken to ensure that 
manual nodule counts were correct and could be used to compare the accuracy of other 
methods. Plants used for this comparison were taken from an experiment screening the 
effects of auxin and kinetin application as a root drench. Details of plant material and growth 
conditions are included in the methods section of Chapter 3. Plants were harvested at the 
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flowering stage and nodules removed and then imaged in one of three ways (Figure 2.1) as 
well as being manually counted.  
 
Figure 2.1 Imaging methods used to quantify nodule number and size.  
The image processing software ImageJ (available at https://imagej.nih.gov/ij/) was used to 
analyse images taken previously (Figure 2.2). Images in JPEG format were imported and the 
scale set, via a plant label of known dimensions, as size reference in the picture (Figure 2.2A). 
Images were then converted into 8-bit format so that colour thresholds could be applied 
converting nodules and label markings to black and lighter coloured image noise to white. 
Plant label markings and additional noise, such as dust or growing substrate, were removed 
using the ‘Flood Fill Tool’ (Figure 2.2B). The ‘Analyse particles’ function can then be used to 
identify nodules with a size filter of 0.5 mm to 50 mm to remove any remaining 
contamination. Summary output gives the number of nodules, and total and average nodule 
area (mm2); the area of each nodule is also given in a separate output (Figure 2.2C). Nodule 
distribution was estimated manually through digitally measuring the distance from the root 
crown to each nodule, this was then averaged to give per plant nodule distribution. A plant 
label was used as a size reference (Figure 2.2D). 
Data was exported and further analysed to give specific nodule traits and number of 
nodules in size categories. Specific nodule traits are nodule number, weight or area divided 
by root weight per plant. To classify nodules into different sizes, the diameter was first 
estimated (assuming spherical shape) and then rounded to the nearest whole number and 
the number of each counted per plant. Nodules were categorised based on their diameter 
into size classes of 0.5 to 1.4 mm, 1.5 to 2.4 mm, 2.5 to 3.4 mm, 3.5 to 4.4 mm and 4.5 to 5.4 
mm, and referred to as 1 mm, 2 mm, 3 mm, 4 mm and 5 mm nodules, respectively.  
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Figure 2.2 Semi-automated nodule quantification method. Image scale is set using plant label as a 
size reference (A), an image threshold is then set to identify dark regions so highlighting nodules 
(B), finally particles in the image are selected using size and roundness parameters and number, 
total and average size calculated (C). Nodule distribution determined by distance of each nodule 
from the root crown (D). 
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Plant material and growing conditions 
Soybean (Glycine max L.) seeds of the genotypes (Table 2.1) Bossier, Davis, Enrei, Williams 
and 197 (provided by the USDA germplasm collection, GRIN) and the cultivar Viola (donated 
by Plant Impact) were sown in a randomised complete block design, with 10 pot replicates for 
each genotype and harvest stage. After autoclaving, fine grade vermiculite (Sinclair 
professional) was used to fill 2 litre pots. Before planting, seeds were surface sterilised with 
1% sodium hypochlorite and then repeatedly washed. Seeds were inoculated with 108 CFU 
ml-1 of B. japonicum, isolated from commercial Biagro inoculant, that was previously cultured 
on YEM agar at 29°C for over 4 days. Plant were irrigated with N-limited Hoaglands solution 
(composition in Table 2.2) every two days with additional water irrigation as required. 
Greenhouse conditions were logged continuously. Average greenhouse temperature was 
29.4oC (20-40oC) day and 21.2oC (16-32oC) night. Light was supplemented by high-pressure 
sodium lamps (600 W Greenpower, Osram, St Helens, UK) when photosynthetic photon flux 
density (PPFD) was less than 400 µmol m-2 s-1 for a 12 h photoperiod (7.00 hrs to 19.00 hrs).  
Plants were grown to yield with harvests at V2 (two trifoliate leaves), R1 (beginning bloom) 
and R6 (full seed) and maturity (Fehr & Caviness, 1977).  
Table 2.1 Genotypes used with maturity group and BNF characteristics based on 
(Hamawaki & Kantartzi, 2018).  
Genotype Maturity group 
 
BNF characteristics 
Bossier VIII Late 
Davis VI Early and Late 
Enrei IV Early 
Viola OOO - 
Williams III Early 









Table 2.2 Nitrogen-limited Hoagland’s solution used to irrigate plants. 
Nutrient Chemical name 
 
Chemical formula Conc. mM 
Nitrogen Calcium nitrate tetrahydrate Ca(NO3)2.4H2O 1 
Magnesium Magnesium sulphate heptahydrate MgSO4.7H2O 0.5 
Manganese Manganese sulphate pentahydrate MnSO4.5H2O 0.00157 
Boron Boric acid H3BO3 0.01132 
Copper  Copper sulphate pentahydrate CuSO4.5H2O 0.0003 
Molybdate Ammonium molybdate tetrahydrate (NH4)6Mo7O24.4H2O 0.00003 
Phosphorus Mono potassium phosphate KH2PO4 1.01 
Potassium Potassium chloride KCl 1 
Iron Ferric sodium EDTA NaFe EDTA 0.02547 
 
Plant growth measurements 
Plants were harvested when they reached V2 (approximately 20 days after sowing, DAS), R1 
(42 DAS), R6 (77-105 DAS) and maturity, shoots were removed from the roots at the 
cotyledons and leaf area was measured using a leaf area meter (Model Li-3100C Li-Cor, NE, 
USA). Shoots were then dried at 60oC for 72 hours to measure shoot dry weight.  
Root samples were frozen at -20oC until time of analysis. This was necessary as measuring 
each root system took 30 minutes with up to 70 plants harvested per stage. Roots were 
scanned (Epson expression 11000XL Pro with transparent unit), then nodules were removed 
from the roots and scanned again. Roots and nodules were then dried at 60oC for 72 hours to 
measure nodule and root dry weight. ImageJ (1.51K) (Schneider et al., 2012) was used to 
analyse root and nodule scans as described above. 
Biological nitrogen fixation 
Oven dried stem samples were first finely cut with scissors and put in 2 ml round bottom 
Eppendorf tube for grinding using a ball mill at a vibrational frequency of 30 times per second 
for 2 minutes. Ureide products from fixation (allantoin and allantoic acid), nitrates and amino 
acids (asparagine and glutamine) were determined and the ratio of each was calculated. 
Ground stem samples (0.1 g) were used to extract ureide, nitrate and amino acid in a 0.1 mol 
29 
 
L-1 phosphate buffer and ethanol heated to 80oC. After cooling, extracts were filtered and 
centrifuged at 10,000 g then stored at -20oC until analysis. Three methods, Young-Conway’s 
(Young & Conway 1942), Cataldo (Cataldo et al., 1975) and ninhydrin (Yemm & Cocking, 1955) 
were used to colorimetrically measure ureide, amino acid and nitrate N, respectively. Relative 
ureide was calculated as: 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑢𝑟𝑒𝑖𝑑𝑒𝑁% (𝑅𝑈) = (
4𝑈
(4𝑈+𝑁+𝐴𝐴)
) × 100  
where U, AA and N are molar concentrations of ureide, amino acids and nitrate, respectively 
(Herridge & Peoples 1990). An estimate of BNF was calculated using the coefficients from 
Herridge & People (1990) as: 
𝐵𝑁𝐹 = 1.56(𝑅𝑈 − 15.9) 
where RU is the percentage of relative ureide-N. 
Data analysis 
Two-way ANOVA was used to test for overall differences in the growth and nodulation of 
genotypes across harvest stages, with genotype and stage as main effects. Fishers least 
significant difference post hoc test was used to determine significant (p < 0.05) effects. A 
generalised linear model determined the effect of nodule traits on BNF and how each varies 
between genotypes at different stages. In addition, to explore which traits influence BNF in 
each genotype at different stages, Pearson’s correlation between each trait and BNF were 
also calculated. The statistical package RStudio (RStudio Team, 2020) was used for all these 
analyses.  
2.3 | Results  
Quantifying nodulation 
Nodule number, determined with all imaging methods, was strongly (p < 0.001) correlated 
with manual nodule counts. Scanned images (Method 3; Figure 2.1) gave the most accurate 
results (highest R squared values) so it was used in future experiments. These data give 
confidence that the imaging techniques detect all nodules and can be used in further studies 
to quantify number and size. Moreover, these imaging methods can determine individual 







Genotypic variation in nodule phenotype and BNF 
Across the three stages (V2, R1 and R6), BNF of Enrei, Viola and Williams were significantly 
(~62% more; p < 0.05, respectively) greater than that of Bossier. Nodule distribution at V2 did 
not vary across genotypes (Table 2.3). Genotypes only showed variation in total nodule area 
at R6, suggesting similar speed of nodule establishment despite differences in BNF (Figure 
2.3). Nodule number was 56% (p < 0.05) higher in Williams than in the least nodulated 
genotype, Viola. Total nodule area of Williams was more than double that of both Bossier and 
Viola (p < 0.05). Specific nodule area was highest in Davis, Enrei and Williams, around 24% 
more than Viola and 197 (p < 0.05; Table 2.3). Total nodule weight of Williams was more than 
double that of Bossier, Viola and 197 (p < 0.05; Table 2.3). Specific nodule weight did not vary 
across genotypes thus the greater nodule weight of Williams was perhaps because of its more 
vigorous root system (Table 2.8). Genotype did not affect average nodule weight (p = 0.099), 
but average nodule area of Williams was 21% and 38% greater than Bossier and 197, 
respectively (p < 0.05; Table 2.3). Williams had almost five times the number of 4 mm nodules 
Figure 2.3 Accuracy of methods used to determine nodulation as 
determined by linear regression. Points are individual plants with line 




than Bossier, Viola and 197 with the least (p < 0.05). High rates of BNF across all stages in 
Williams are consistent with high nodule numbers and size, and in Enrei by its specific nodule 
area. However, there are also inconsistencies such as limited nodule number, total weight or 
area of Viola despite high BNF and high specific nodule area of Davis despite low BNF. Taken 
together, the data shows that quantifying nodules across all stages is not representative and 
does not show the association between nodule traits and BNF capacity.  
Overall, BNF was the same at V2 and R6 but was reduced at R1 (Table 2.3; ~38%; p < 0.05). 
Nodule number was higher (88%) in R6 than V2 (p < 0.05) and specific nodule number 
decreased by 49% from V2 to R1 then by 59% from R1 to R6. Again, differences between 
absolute and specific measures of nodules are explained by differences in root growth (Table 
2.8). Total nodule area increased by 86% from V2 to R1 (p < 0.05) and by 30% from R1 to R6 
(p < 0.05; Table 2.3). Specific nodule area decreased by 39% from V2 to R1 then by a further 
45% from R1 to R6. Total nodule weight increased three-fold from V2 to R1 (p < 0.05) but not 
from R1 to R6, suggesting that nodules were fully developed by R1 with no further growth. 
Average nodule area increased by 27% (p < 0.05) from V2 to R1 but did not increase further 
from R1 to R6. BNF was similar at early and late stages despite increased absolute and 
decreased specific nodule number and weight, as such neither accounts for this. Equally, 
limited BNF at R1 cannot be explained through changes in nodules.  
There was often a genotype x stage interaction, perhaps explaining why differences in 
nodules just considering one of these factors does not coincide with BNF. Genotypic effects 
on BNF were stage dependent (p < 0.001) with BNF of Davis increased by 91% from V2 to R6 
while it decreased in Viola by 46% from V2 to R6 (p < 0.05; Figure 2.4A). Since genotypic 
effects on BNF are stage dependent, the speed of BNF onset also varies among genotypes 
(Figure 2.4A). Increase in total nodule area was marginally, but not significantly, more evident 
in certain genotypes, as shown by the genotype x stage interaction (p = 0.053; Figure 2.4B). 
Total nodule area in Williams and 197 increased from V2 to R6 by 4.2 and 3.7 times (p < 0.05) 
but other genotypes showed no significant changes. Again, there was a genotype x stage 
interaction (p < 0.001) with Davis, Enrei and Williams increasing the number of 4 mm nodules 
by 5.3, 3.6 and 13.1 times from V2 to R6, respectively (p < 0.05; Figure 2.4C). 
Taken together, BNF and nodule traits varied between these genotypes but growth stage 
modulated the relationship between these variables. The greatest nodule development of 
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Williams was not reflected in increased BNF; with an interaction between genotype and stage 
affecting both nodules and BNF showing that nodule traits have different influence at 






Table 2.3 Changes in BNF and nodule traits in six genotypes at three stages (V2, R1 and R6). Values are averages (n = 10), with letters denoting 















































Genotype Bossier 20.5 b 3495 42.0 ab 82.7 68.8 b 102.2 ab 1.57  188 b 341 ab 4.97 bc 2.03 b 37.4 
 
Davis 27.4 ab 655 44.4 ab 78.4 90.2 ab 106.6 ab 1.83  239 b 349 a 5.23 ab 4.53 b 29.8 
 
Enrei 36.8 a 898 43.7 ab 78.2 139.0 ab 227.5 a 5.03  231 b 375 a 5.51 ab 5.07 b 44.8 
 
Viola 34.1 a 6212 27.4 b 61.7 45.8 b 82.9 ab 2.33  134 b 271 b 5.96 ab 1.80 b 45.7 
 
Williams 36.4 a 902 61.1 a 68.2 164.5 a 118.8 ab 2.46  382 a 353a 6.32 a 8.83 a 37.3 
 
197 27.2 ab 1445 50.2 ab 77.1 69.0 b 77.8 b 1.21  205 b 276 b 3.92 c 1.83 b 53.4 
Stage V2 35.6 b 4010 a 30.9 b 120.9 a 33.4 b 123.8 1.23  125 c 482 a 4.43 b 1.14 c 41.4 
 
R1 21.5 a 356 c 45.4 ab 62.9 b 103.3 a 140.6 2.80  232 b 296 b 5.63 a 3.44 b - 
 
R6 33.9 b 2438 b 58.1 a 39.5 c 152.0 a  93.4 3.19  332 a 204 c 5.90 a 5.74 a - 
Genotype (G) <0.001 0.281 0.021 0.521 <0.001 0.036 0.099  <0.001 0.024  0.001  <0.001 0.877 
Stage (S) <0.001 <0.001 <0.001 <0.001 <0.001 0.400 0.116  <0.001 <0.001  <0.001  <0.001 - 




Figure 2.4 BNF (A), total nodule area (B) and number of 4 mm nodules (C) in 6 genotypes 
(Bossier, Davis, Enrei, Viola, Williams and 197) at three growth stages (V2, R1, R6). Letters 
denote significant difference for each genotype as indicated by letter colour, determined 
by LSD test. Bars are means ± SE of 10 replicates. ANOVA p-values from the genotype x 
stage date interaction are reported. 
Importance of nodule traits to BNF for genotypes at different stages 
Generalised linear model analysis showed that all nodule traits were positively associated 
with BNF, except for specific nodule area (p < 0.05; Table 2.4). The effect of nodule traits on 
BNF were all genotype and stage dependent, with triple interactions between these factors 
(p < 0.001; Table 2.4). When considering nodules in different size classes, only 3 and 4 mm 
nodules positively affected BNF (p < 0.001 and 0.007, respectively; Table 2.4). This suggests 
that nodule traits affect BNF, but this depends on both genotype and stage. 
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Table 2.4 Generalised linear model results assessing the effect of nodule traits, genotype 




























0.003 <0.001 <0.001 0.046 <0.001 <0.001 0.544 <0.001 
Genotype (G) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Stage (S) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
NT x G <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
NT x S 0.043 0.001 0.554 <0.001 0.025 0.035 <0.001 0.044 
G x S <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 





















0.493 <0.001 0.007 0.993 0.432 
Genotype (G) <0.001 <0.001 <0.001 <0.001 <0.001 
Stage (S) 0.054 <0.001 0.003 0.113 0.896 
NT x G <0.001 <0.001 <0.001 <0.001 0.022 
NT x S <0.001 <0.001 0.346 0.906 0.009 
G x S <0.001 <0.001 <0.001 <0.001 <0.001 











Across all genotypes, at V2, none of the nodule traits correlated with BNF. However, at R1 
and R6, total nodule area, average nodule area and the number of 4 mm nodules positively 
correlated with BNF (p < 0.05; Figure 2.5). Additionally, at R6, total nodule weight also 
positively correlated with BNF (p < 0.05; Figure 2.5). This suggests that nodule traits have a 
greater effect on BNF at reproductive than vegetative stages. Interestingly, nodule traits were 
negatively correlated with specific BNF, suggesting that increased nodule development 
decreases efficiency. 
When nodule traits for each genotype at V2 were correlated, only Bossier showed a positive 
correlation (p < 0.05) between BNF and average nodule area (Table 2.5). The number of 4 mm 
nodules was also positively correlated with BNF in Bossier (p < 0.01). This shows that early 
nodule development influences BNF more in certain genotypes, and that individual nodule 
size is most important for BNF, at least in Bossier. Additionally, in Davis at V2, the number of 
1 mm nodules was positively correlated (p < 0.01) with BNF. In contrast, in Williams at V2, 
specific nodule area was negatively correlated (p < 0.05) with BNF. Thus, increased early 







Figure 2.5 Correlation between nodule dry weight (nodw), average nodule weight (ave.nodw), nodule number (nn), specific nodule number (nn.rdw), total 
nodule area (tot.area), specific nodule area (tnod.rdw), average nodule area (ave.size), number of 5 to 1 mm nodules (x5-1mm) and BNF across all stages. 
Pearson’s r values are shown with blue circle indicating a significance increase and red circles a significant decrease (p < 0.05, n = 60). Circle width shows the 
strength of correlation.  
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Table 2.5 Correlation between nodule trait and BNF at V2 in each genotype. Values are 






























Bossier -0.39 -0.44 0.28 <0.01 0.64 0.09 -0.09 0.66* 0.84** -0.31 
Davis 0.05 -0.25 0.54 0.31 0.54 0.44 0.17 0.59  0.38 0.80** 
Enrei 0.39 0.46 0.15 0.20 -0.48 0.30 0.40 -0.32 -0.09 0.46 
Viola -0.15 -0.32 -0.05 -0.23 -0.31 -0.09 -0.29 -0.36 -0.19 -0.35 
Williams -0.47 -0.59 -0.34 -0.62  0.24 -0.47 -0.67* 0.20 0.10 -0.35 
197 -0.24 -0.29 -0.33 -0.45 0.44 -0.36 -0.48 0.20 -0.11 0.40 
 
At R1, increased nodule number and total nodule area were positively correlated with BNF in 
Enrei (p < 0.05 and p < 0.05, respectively; Table 2.6). BNF was positively correlated with a 
number of nodule traits in genotype 197, perhaps most interestingly with the number of 3 
and 4 mm nodules (Table 2.6). Again, this suggests that increases in nodule traits are of 
particular importance to only certain genotypes at this stage.  
Table 2.6 Correlation between nodule traits and BNF at R1 in each genotype. Values are 
Pearson r values with significance indicated above (* = p < 0.05, ** = p < 0.01 and *** = 
































Bossier 0.44 0.19  0.46 0.33 -0.25 0.47 0.35 -0.15  0.42 0.49 0.02 
Davis -0.06 -0.21 0.09 0.17 0.46 0.02 -0.04 0.36 0.25 -0.12 0.21 
Enrei 0.71* 0.45 0.17 0.08 0.04 0.74* 0.47 -0.28 0.02 0.55 0.44 
Viola -0.02 0.18 -0.04 0.33 -0.13 0.02 0.28 0.08 0.56  -0.24 -0.21 
Williams 0.14 0.20 0.15 0.25 -0.14 0.16 0.24 -0.18 0.52 -0.20 0.50 




At later stages (R6), nodule number (p < 0.05) and total nodule weight ( p < 0.05), specific 
nodule weight (p < 0.01), total nodule area (p = 0.05), specific nodule area (p = 0.05) and 
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number of 3 mm nodules (p < 0.01) positively correlate with BNF in Bossier (Table 2.7). Whilst, 
in Davis, specific nodule weight, average nodule weight and area positively correlated with 
BNF (p = < 0.05, p < 0.01 and p < 0.05, respectively; Table 2.7). In Viola, only the number of 4 
mm nodule positively correlated ( p < 0.05) with BNF (Table 2.7). Interestingly, specific nodule 
weight negatively correlated (p < 0.05) with BNF in 197 at R6. Again, these data suggest that 
the relative importance of nodule traits on BNF capacity differ across genotypes.  
Table 2.7 Correlation between nodule trait and BNF at R6 in each genotype. Values are 
































Bossier 0.72*  0.37 0.67* 0.8** 0.12 0.68* 0.69* -0.20 0.11 0.78** 0.35 
Davis 0.38 -0.24 0.52 0.71* 0.82** 0.42 0.15 0.63* 0.47 0.41 0.13 
Enrei -0.28 -0.20 0.30 0.30 0.28 -0.14 0.01 0.28 0.09 -0.23 -0.61.  
Viola -0.28 -0.46 0.17 -0.06 0.45 0.06 -0.36 0.51 0.73*  0.08 -0.56  
Williams -0.06 -0.18 -0.28 -0.42 0.07 -0.23 -0.49 -0.09 0.10 -0.19 -0.16 
197 -0.32 -0.39 -0.39 -0.64*  -0.46 -0.35 -0.59.  -0.45 -0.47 -0.33 -0.33 
Yield and growth  
Shoot dry weight of Williams was 63% higher than Bossier and Viola (p < 0.05; Table 2.8). Root 
dry weight of Williams was 60% and 70% higher than Bossier and Viola, respectively (p < 0.05; 
Table 2.8). Total seed weight and number were again highest in Williams with 197 and Davis 
next. Average seed weight of Williams and Enrei was 59% and 78% higher than Bossier, 









Table 2.8 Changes in plant growth at three stages (V2, R1 and R6) and yield (R8) in six 
genotypes. Values are averages (n = 10) with letters indicating significant differences at p 
















Genotype Bossier 2.34 d 0.61 c 0.822 c 5.44 c 0.140 b 
 
Davis 3.90 bc 0.82 bc 3.788 b 22.44 b 0.162 b 
 
Enrei 3.92 bc 0.73 bc 2.033 c 8.30 c 0.249 a 
 
Viola 2.61 cd 0.56 c 1.729 c 11.20 c 0.158 b 
 
Williams 6.05 a 1.47 a 8.303 a 37.44 a 0.223 a 
 
197 4.42 b 0.89 b 4.894 b 25.88 b 0.164 b 
Stage V2 0.93 c 0.28 c - - - 
 R1 3.00 b 0.74 b - - - 
 
R6 7.70 a 1.52 a - - - 
Genotype (G) <0.001 <0.001 <0.001 <0.001 <0.001 
Stage (S) <0.001 <0.001 - - - 
G x S <0.001 <0.001 - - - 
 
2.4 | Discussion  
Nodulation and BNF 
Overall, BNF was genotype-dependent with Enrei, Viola and Williams showing the greatest 
capacity. Corresponding differences in nodules in these genotypes were not consistently seen 
across all nodule traits (Table 2.3; Figure 2.4), suggesting a complex relationship between 
nodules and BNF. Specific nodule traits that account for differences in plant size (Unkovich et 
al., 2008) better allow comparisons of nodules in different genotypes, more closely 
corresponding with BNF capacity (Table 2.3). Surprisingly, specific nodule traits (nodule 
number, weight or area divided by root weight) are not often reported, perhaps due to 
difficulties in recovering and cleaning root systems accurately, with rare exceptions (Yashima 
et al., 2003), despite better representing the plants relative investment in nodules. However, 
comparisons across growth stages may be misleading as autoregulation of nodulation can 
suppress further nodule development whereas roots continue to grow.  
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BNF was not correlated with nodule number, but with nodule size, suggesting that increased 
size does improve nodule physiology in some way. This supports previous findings where 
nodule number does not correlate well with N accumulation (Neves et al., 1985; Hungria & 
Bohrer, 2000) but nodule weight does (Döbereiner, 1966; Hungria & Bohrer, 2000). However, 
the relationship is inverse, with nodule size altered by nodule number, as a finite 
photosynthate supply must be shared across all nodules. Thus, fewer nodules will have a 
greater C supply (Ikeda, 1999) allowing greater development (Mahon, 1977). Only a certain 
number of nodules can be supported, as super-nodulating mutants usually have a dwarf 
stature, again due to limitations of C supply to nodules. As seen previously (Hungria & Bohrer, 
2000; Voisin et al., 2003; Tajima et al., 2007; de Araujo et al., 2017), greater BNF capacity can 
be achieved in larger nodules (Figure 2.5), suggesting they are in some way more efficient, 
likely due to altered physiology.  
The greater C sink capacity of larger nodules may enhance photosynthate delivery (King & 
Purcell, 2001). Rhizobial symbiosis increases photosynthetic rates (28%), more than the cost 
of rhizobia, due to sink stimulation which improves photosynthetic nutrient use efficiency and 
harvest index (Kaschuk et al., 2009). Carbon is commonly not limiting to BNF (González et al., 
2015), whereas accumulation of nitrogenous products do limit further fixation in a feedback 
loop (Bacanamwo & Harper, 1997; Sulieman & Schulze, 2010). This response has primarily 
been observed in drought experiments (King & Purcell, 2005; Sulieman & Tran, 2013) 
suggesting that the same could be true for nodules with different vasculature in non-stressed 
conditions, especially at high rates of BNF. Both C import and N export depend on nodule 
vasculature. Nodules have a complicated dual vasculature surrounding the nodule core 
(Livingston et al., 2019), which may allow larger infection areas that have sufficient import 
and export to maintain fixation. The majority but not all nodules have this dual vasculature, 
so it would be interesting to test whether differences in vasculature could be explained by 
nodule size. Alternatively, nodule oxygen concentration, which is highly regulated in the 
nodule inner cortex (5-60 µmol m-3) (Millar et al., 1995) and adjustment of nodule 
permeability of the oxygen barrier by host plants may regulate BNF (Serraj et al., 1999; 
Sulieman & Tran, 2013). Differences in nodule size alter leghaemoglobin concentration (Hunt 
& Layzell, 1993) and may alter oxygen permeability. Future work should seek to understand 
how nodule traits influence nodule physiology, such as nodule oxygen concentration, carbon 
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supply or N export and the effect this has on BNF. Number of active nodules and rhizobial 
strain occupancy may also influence nodule size and subsequently BNF capacity. Nodule traits 
and BNF could be quantified in plants inoculated with either single or multi-strain inoculum 
to establish this link. 
Nodulation and BNF over time  
Different soybean genotypes vary in their ability to fix nitrogen at different stages, either early 
(around V1) (Pazdernik et al., 1996), late (R5-R6) (Fabre & Planchon, 2000) or throughout 
(Hamawaki & Kantartzi, 2018) development. In this study, BNF varied across genotypes at 
both early and late stages but nodules differed only at later stages (Figure 2.4). This suggests 
that at early stages nodules of different genotypes have varying BNF capacities.  
Only certain genotypes showed nodule development from early to late stages, with total 
nodule area increasing only in Davis, Williams and 197 from V2 to R6 (Figure 2.2), suggesting 
that nodules of the other genotypes were fully developed at V2. However, it may also reflect 
difference in plant N demand across stages. Increased nodule development did not 
necessarily lead to increased BNF. Only Davis showed increased BNF from V2 to R6, whilst the 
other genotypes did not change. Viola decreased BNF from V2 to R6 without changes in 
nodule traits. Therefore, the link between nodules and BNF in genotypes is more complex 
than a function of nodule number or size but instead is stage dependent. There is also 
evidence of varied nodule efficiency (Figure 2.4), which perhaps could be explained by 
quantifying aspects of nodule physiology or rhizobial nodule occupancy as mentioned above. 
Overall, this shows that for different genotypes “successful nodulation” can mean different 
things. 
In general, BNF starts at around V2 and peaks at R1-R4 (Thibodeau & Jaworski, 1975; Keyser 
& Li, 1992) and it generally increases through the growth period but is genotype and 
environment dependent (Herridge et al., 1990). However, plant N demand and supply from 
BNF have different patterns (Phillips & DeJong, 1984; Keyser & Li, 1992) at early stages before 
nodule establishment and in late stages when nodules begin to senesce; altering the timing 
of nodule development may improve this balance. Previous characterisation of BNF in a 
controlled environment over time showed the same trend as seen herein, with high BNF in 
vegetative and late reproductive stages but declining at flowering (R1) (Pitumpe Arachchige 
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et al., 2020). Decreased BNF at R1 may result from floral initiation, with flower formation 
reducing the carbon available to meet nodule respiratory demand.  
The speed of nodule establishment was the same in all genotypes with no differences in any 
of the nodule traits at V2. Nodule distribution also did not vary across genotypes, again 
suggesting that nodules form at the same time in all genotypes (Table 2.3). In this study, 
nodule traits were more influential at later stages in contrast to previous work where stronger 
correlations between nodule traits and BNF were seen at early vegetative stages (Voisin et 
al., 2003; Tajima et al., 2007). BNF in nodules depends on their developmental stage, 
therefore, changes in BNF must be due to subsequent development from V2 to R6 as nodule 
establishment (before V2) is consistent. Future work should determine if the speed of nodule 
initiation is indeed common to all genotypes by comparing the timing of nodulin gene 
expression. Due to the environmental sensitivity of nodule formation, this must be conducted 
in a controlled environment. Differences in endogenous hormones, such as cytokinin, through 
different stages may also explain differences in nodule development.  
Correlations between nodule traits and BNF varied across genotypes and growth stages (Table 
2.5 and 2.7). In early growth, increased nodule size correlated with increased BNF in Bossier, 
whereas in Williams, specific total nodule area and BNF were negatively correlated. 
Additionally, the number of small 1 mm nodules positively correlated with BNF in Davis at 
early growth stages. Equally, in later growth, increased nodule number and or size correlated 
with increased BNF in Bossier, Davis and Viola but negatively correlated with BNF in 197. Thus, 
increased nodule size was generally linked with increased fixation, as in other experiments 
(King & Purcell, 2001; Voisin et al., 2003; Tajima et al., 2007). This is especially noticeable at 
late reproductive stages when N demand is greatest. In this study, plants were N-limited so 
they were more reliant on N supply from BNF than that of field-grown plants, hence field trials 
that account for soil and atmospheric N should confirm these effects. Changes in BNF were 
not reflected in yield in Enrei and Viola (Table 2.8) but may affect yield quality. Again, field 
trials would be more appropriate to establish if changes in nodule traits can sufficiently 
increase BNF to increase yield.  
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Benefit and potential of novel nodule quantification 
Nodule phenotyping techniques are important as future soybean breeding must focus on BNF 
to enable sustainable N supply to allow continued yield increases. High throughput, 
aboveground methods, based on the close relationship between N supply and photosynthetic 
rate, such as leaf traits (size or greenness) have been used as indicators to phenotype nodule 
traits (Gwata et al., 2004; Vollmann et al., 2011). However, these methods could only 
distinguish between nodulated or non-nodulated genotypes; thus more detailed 
quantification is required. Nodule quantification has advanced (Lira & Smith, 2000; King & 
Purcell, 2001; Tajima et al., 2007; Remmler et al., 2014) but to date does not include measures 
of individual nodule area that make up total nodule area. In this study, average nodule area 
detected subtle differences in nodules among genotypes (Table; 2.3; Table 2.5) that were not 
discriminated by average nodule weight. This appears biologically relevant as average nodule 
area but not average nodule weight correlated with BNF (Figure 2.4). Further, only nodules of 
a particular size class, not quantified previously, correlated with BNF. This data demonstrates 
that 4 mm nodules appear optimal at later growth stages (Figure 2.4), according to genotype 
and growth stage (Table 2.5-2.6).   
2.5 | Conclusion  
Genotype and growth stage influenced the relationship between BNF and nodule traits. Not 
all nodule traits are equally important for BNF, with size more influential than nodule number 
but again this varies across stages, between genotypes and at different stages within 
genotypes. More detailed quantification of nodule phenotypes will help determine the 
success of strategies to enhance BNF through altering nodules and establish the usefulness of 
this approach. The new nodule quantification method can detect differences between 
genotypes and additional nodule traits included herein (nodule area and size classification) 
are important for N fixation. This technique can now be used to detect changes in nodule 





Chapter 3: Phytohormone treatments enhance nodulation and 
biological nitrogen fixation. 
3.1 | Introduction  
The endosymbiotic relationship between legumes and rhizobia provides a valuable source of 
N, with nodules providing a suitable environment for BNF to take place (Ferguson et al., 2010; 
Oldroyd, 2013). In exchange for N, the host plant supplies rhizobia with carbohydrates 
(photoassimilates), the cost of which means tight regulation of nodule numbers is important. 
Root perception of NF alters plant hormone synthesis, transport, accumulation and how they 
are perceived, with hormone composition in the zone of nodulation leading to nodule 
initiation and development (Mathesius, 2008; Ding & Oldroyd, 2009; Desbrosses & Stougaard, 
2011). Intracellular signalling cascades subsequently lead to the formation of nodules (see 
Chapter 1.7). Phytohormones are important regulators of nodule formation, having positive 
and negative effects depending on the stage of nodule formation, endogenous concentration 
and tissue (Ferguson & Mathesius, 2014). Ethylene, jasmonate, abscisic acid and salicylic acid 
all negatively affect nodulation (Penmetsa & Cook, 1997; Suzuki et al., 2004; Stacey et al., 
2006), whilst gibberellin, auxin and cytokinin being important positive regulators (see Chapter 
1.7).   
Enhancing the efficiency of symbiosis by manipulating phytohormone signalling may increase 
or alter nodule traits, resulting in improved BNF with potential benefits to yield or yield 
quality. After the seedling exhausts its seed N reserves, a period of N starvation may occur 15 
to 20 days post emergence before BNF begins (Hungria et al., 1991; Atkins et al., 1989; 
Abendroth et al., 2006). Thus, enhanced early nodulation and BNF may mitigate this. 
Rhizobia are able to synthesise a number of phytohormones (Boiero et al., 2007). Rhizobia 
that secrete bioactive cytokinins (Phillips & Torrey, 1972; Sturtevant & Taller, 1989), cause 
cortical cell division (Cooper & Long, 1994) and enhance the speed of initiation and nodule 
number and size (Podlešáková et al., 2013). This evidence suggests that rhizobia have 
developed the ability to use hormones to enhance nodules and therefore their own fitness. 
This likely occurs through horizontal gene transfer similar to that shown experimentally with 
the transfer of the trans-zeatin secretion gene between Rhizobium meliloti that infects alfalfa 
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(Cooper & Long, 1994). This supports the idea that applying additional phytohormones could 
promote nodule formation; but the relative benefit to the plant must also be determined. 
Gibberellin biosynthesis genes, such as SrGA20ox1 in Sesbania rostrata (Lievens et al., 2005), 
are upregulated during infection thread and nodule development in a number of species 
(Dobert et al., 1992; Kouchi et al., 2004; Hayashi et al., 2014). Similarly, gibberellin 
biosynthesis pea mutants, particularly na, have low nodule formation; but nodulation can be 
restored to that of the wild type through GA3 root application (10-6 M) (Ferguson et al., 2005). 
Further, applying gibberellin biosynthesis inhibitors (daminozide, CCC, or paclobutrazol) 
before rhizobial inoculation suppressed nodule organogenesis in S. rostrata (Lievens et al., 
2005). However, gibberellin regulation of nodulation may be complex, as over production of 
gibberellin in pea mutants (na-1) also reduces nodule development (Ferguson et al., 2005). 
Gibberellin is therefore important for proper nodule development but only within certain 
concentration windows. Previous studies have linked gibberellin to early nodulation events, 
but few have explored the effect of application to enhance nodule traits (Bishnoi & 
Krishnamoorthy, 1991).  
Auxin is an important regulator of plant development, with local accumulation leading to 
organ formation throughout the plant (Benková et al., 2003). Auxin and auxin influx 
transporter (AUX1) transcript accumulate in roots following rhizobial inoculation or NF 
application (Mathesius et al., 1998; de Billy et al., 2001; Pacios-Bras et al., 2003; Turner et al., 
2013). This accumulation allows nodule formation also in the absence of rhizobia (Hirsch et 
al., 1989; Mathesius et al., 1998; van Noorden et al., 2006). Auxin transport is therefore 
required for early nodulation. Overproduction of auxin in Sinorhizobium meliloti (expressing 
rolAp-iaaMtms2) and RD20 Rhizobium leguminosarum bv. viciae strain (expressing p-
iaaMtms2) increased nodule number, size and BNF in Medicago (M. truncatula and M. sativa) 
and Vicia hirsuta (vetch), respectively (Pii et al., 2007; Camerini et al., 2008). However, auxin 
(IAA) overproducing R. leguminosarum had no effect on nodulation of common bean (Pii et 
al., 2007) and 5-methyltryptophan resistant B. japonicum mutants, with elevated IAA, 
restricted nodule mass and nitrogen fixation in soybean (Hunter, 1987), both with 
determinate nodules. Auxin application (10-6 to 10-10 M IAA) shortly after sowing (7 and 14 
days) increased BNF by up to 76% in Vigna radiata (Mung bean) (Ali et al., 2008), suggesting 
that increased early auxin enhances nodulation leading to greater BNF capacity.  As beneficial 
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nodule responses following auxin application vary among legume species, it is important to 
establish their effect on soybean. 
Cytokinins stimulate cell proliferation and differentiation as well as other functions including 
organogenesis and delay of senescence. Increased cytokinin levels also contribute to nodule 
initiation. Nod factor application and activation of the calcium calmodulin receptor (CCaMK) 
led to cytokinin accumulation (Frugier et al., 2008; van Zeijl et al., 2015). Zeatin (10-6 M) and 
6-Benzylaminopurine (BAP; 10-4 M) application lead to the expression of early nodulin genes 
Enod2 and Enod4, respectively (Dehio & de Bruijn, 1992; Mathesius et al., 2000). Whole root 
application of low cytokinin concentrations (10-8 to 10-7M BAP) stimulated local nodule 
formation through expression of early nodulin genes of Lotus japonicus (nsp1, nsp2 and nin) 
and cortical cell division (Heckmann et al., 2011; Plet et al., 2011; Ariel et al., 2012; van Zeijl 
et al., 2015), leading to expression of early nodulin (ENOD) genes (Mathesius et al., 2000), 
indicating its mode of action in the symbiotic pathway. The addition of pTZs plasmid carrying 
a constitutive trans-zeatin secretion gene to normally non-nodulating Rhizobium meliloti also 
led to the formation of nodule like structures on alfalfa roots (Cooper and Long, 1994). Work 
with mutants showed the key role of cytokinin perception in nodulation with the gain-of-
function in two cytokinin receptor genes (snf2 and lhk1-1) giving spontaneous nodules, whilst 
loss-of-function showed very few nodules (Gonzalez-Rizzo et al., 2006; Tirichine et al., 2006; 
Murray, 2007). These studies show that cytokinin is necessary and sufficient for nodule 
formation. Applying kinetin (10-8 to 10-6 M) as a seed soak and foliar spray (at vegetative stage) 
to Cicer arietinum (chickpea) and mung bean increased nodule weight and N fixation at 
flowering and pod filling (Ali & Bano, 2008; Fatima et al., 2008), showing long lasting 
treatment effects. The effect of cytokinin application on nodule signalling, formation and BNF 
of soybean has not been shown experimentally. 
The concentration of hormone treatments is an important factor determining effectiveness. 
Applying BAP at low concentration (10-6 M) increased nodule number in pea (cv. Sparkle) 
whereas higher concentrations (2.5 x 10-5 M) were inhibitory (Lorteau et al., 2001), since 
cytokinins increased ethylene production (Fuchs & Lieberman, 1968; Vogel et al., 1998) which 
inhibits nodulation. Similarly, GA application at high concentrations (10-3 M) decrease, whilst 
lower concentration increase nodule number (10-6 to 10-9 M) (Ferguson et al., 2005; Maekawa 
et al., 2009). Thus, each hormone may act as a positive or negative regulator depending on 
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its concentration. It is therefore important to apply a range of treatment concentrations to 
quantify hormonal effects.  
The stage of the nodulation process influences the effect of hormones. Gene expression 
studies indicate that GA is a positive regulator during early infection and nodule development 
(Lievens et al., 2005; Hayashi et al., 2012) but not in mature nodules (Kouchi et al., 2004). 
Cytokinin is required for nodule initiation and important for regulating nodule number and 
differentiation but is not involved in infection thread formation (Gonzalez-Rizzo et al., 2006; 
Murray, 2007; Plet et al., 2011). Auxin does not alter nodule number but is required for nodule 
development, particularly during transition from cell division to differentiation (Turner et al., 
2013). Therefore, the timing of phytohormone application is likely to alter the effectiveness 
of the treatment but for gibberellin, auxin and cytokinin early application is likely most 
appropriate.  
This study aimed to evaluate the effects of phytohormone application on soybean nodule 
traits. A limited number of studies have shown nodule and BNF enhancements are possible 
following hormone application (Table 3.1), but the optimal hormone and concentration has 
not been established in soybean. Since phytohormones regulate nodule initiation and 
development, it is hypothesised that hormone application could enhance nodule traits, in 
particular nodule size, leading to increased BNF, as shown in Chapter 2. More detailed 
characterisation of nodule development is needed to explain any changes in BNF (Chapter 2). 
Phytohormone application at early stages of nodulation was hypothesised to promote nodule 
development, leading to increased fixation. This study comprised three objectives: i) to test 
the effectiveness of candidate hormones (GA3, IAA and kinetin) at hormone-specific 
concentrations (10-11 M to 10-7 M; Table 3.2), ii) assess different application methods (seed 
prime, foliar spray and root application) and their interactions with treatment concentration 
and iii) show the effect of hormone treatment over time, to better understand treatment 






Table 3.1 Summary of hormone application studies showing effect on nodulation and 
BNF. 





Cytokinin (Kinetin) Chickpea Seed soak 
and foliar 
in pot trial 
10-5 M seed and 10-6 M 
foliar 4 weeks after 
sowing 
Increased infection zone 
area, BNF and yield. 
Delayed nodule 
senescence. 
Ali & Bano, 2008 
Cytokinin (BAP) Pea  Root 
application 
0.5x10-6M to 
 2.5x10-5M 4 and 6 DAS 
Increased nodule number 
at 1x10-6M. 
Reduced nodulation at 
high concentration 
Lorteau et al., 
2001 
Cytokinin (kinetin) 
and Auxin (IAA) 
Chickpea Seed soak 
and foliar 
10-5 M seed and 10-6 M 
foliar 4 weeks after 
sowing 
Seed soaking with 
cytokinin and auxin 
increased nodule weight 
Fatima et al., 
2008 






10-10, 10-8 or  
10-6M at 7 and 14 DAS 
Increased nodule weight, 
BNF and yield at 10-8M 
Ali et al., 2008 
Gibberellin (GA3) Pea Root 
application 
10-9, 10-6 or  
10-3 M 
Increased nodule number Ferguson et al., 
2005 
 
3.2 | Methods 
Plant material and growing conditions 
Soybean (Glycine max L.) seeds cv. Viola (donated by Plant Impact) were used for each 
hormone application experiment (Table 3.2) with hormone types and concentrations based 
on the literature (Table 3.1). Seeds were sown into 1 L pots in a randomised complete block 
design with 12 biological replicates (one plant per pot) per treatment (Figure 3.1A). After 
autoclaving, fine grade (1-3 mm) vermiculite (Sinclair professional, Ellesmere Port, UK) was 
used as substrate. Before sowing, seeds were surface sterilised with 1% sodium hypochlorite 
and then repeatedly washed. Seeds were inoculated with 108 cells mL-1 of B. japonicum 
USDA110 that was previously cultured on YEM agar (Somasegaran and Hoben, 1994) at 29°C 
for four or more days. Two seeds were sown per pot, later thinned to one plant per pot just 
after emergence (VE). Pots were irrigated with modified N-limited Hoagland’s nutrient 
solution that lacked NO3-, to prevent the inhibition of nodulation. Average greenhouse 
temperature was 29.8oC day and 21.3oC night. Light was supplemented by high-pressure 
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sodium lamps (600 W Greenpower, Osram, St Helens, UK) when photosynthetic photon flux 
density (PPFD) was less than 400 µmol m-2 s-1 for a 12 h photoperiod (7.00 hrs to 19.00 hrs). 
For the gene expression experiments, Viola seeds were again used. Seeds were again surface 
sterilised, then soaked in kinetin solution (10-9 mol L-1), water (hydroprimed) or allowed to 
dry (not primed) for four hours. Sterilised large plastic growth pouches (Mega International, 
West St. Paul, MN) 35 cm long and 16 cm wide were used to grow the seedlings (Figure 3.1). 
After treatment, four seeds per pouch were planted and 30 ml autoclaved water added to the 
pouch. To germinate, pouches were wrapped in foil and kept at 28oC for 2 days. To keep roots 
dark, pouches were covered in aluminium foil and card was used for support. Pouches were put 
in growth racks at an angle to aid root contact with the pouch. Plants were grown in a Snijder 
growth cabinet set to 28°C day and 25°C night temperature with 16 h photoperiod at 80% 
humidity (Hayashi et al., 2012). The experiment was conducted in two runs, each with 4 racks 
(blocks) that contained a pouch with every treatment x harvest combination. Plants (2-4) from 
two pouches were pooled to give one biological replicate, giving 4 replicates in total across 
blocks and over the two runs.  
Inoculation occurred 2-6 days after the seedlings were transferred to the pouches and 
location of root tip marked for harvest (Figure 3.1B-G). B. japonicum, isolated from 
commercial inoculant product Biagro, was grown on YEM agar at 29°C and diluted to OD600 
= ~0.1, equivalent to 108 cells per mL. Inoculant (500 µl) was added to the portion of root 
below where the first mature root hairs were expected. Roots were inoculated at different 
times prior to harvest giving a time course with roots exposed to the inoculant for varying 
durations. Inoculation occurred at 72, 48, 24, 6 and 3 hours prior to harvest. This allowed 
plants to be harvested at the same developmental stage. To control for rhizobial 
contamination in pouches before time of inoculation and to show gene expression without 





Figure 3.1 Greenhouse pot trial to screen hormone application effects (A) and plant 
growth method using growth pouches (B-G). Pouches, separated with blue roll, were 
autoclaved then wrapped in black card and foil (B). Seeds emerged through pouch after 
2 days (C). At time of inoculation the root tip was marked on the pouch, indicating root 
section for harvest (D). Inoculation procedure with pouches of particular time pre-harvest 
taken from rack and inoculum added (E). Roots at time of harvest (F), harvest method 






Table 3.2 Phytohormone screening experiments with application method, experiment 




Date Average day/ 
night 
temperature (°C) 
Hormone Nodule measurements 
Seed coat 1.C.1 08/11/17 – 
04/12/17 
23.6/ 19.7 Cytokinin Nodule number and weight 
 1.C.2 05/01/18 – 
08/02/18 
22.1/ 18.5 Cytokinin 
 
1.A.1 09/08/17 – 
01/09/17 
32.7/ 24.8 Auxin 
 1.A.2 09/11/17 – 
05/12/17 
23.6/ 19.7 Auxin 
 
1.G.1 04/08/17 – 
31/08/17 
32.8/ 25.2 Gibberellin 
 1.G.2 25/01/18 – 
19/02/18 
22.8/ 18.9 Gibberellin 
 
Root application 2.C 20/02/18 –  
22/03/18 
24.1/ 18.9 Cytokinin Nodule number, weight, area, 
distribution and size 
 
2.A 02/03/18 – 
03/04/18 
24.3/ 19.0 Auxin 
 
2.G 12/06/18 – 
16/07/18 
29.2/ 21.6 Gibberellin 
Seed prime, Foliar 
and Root 
application 
3C 03/07/18 – 
10/08/18 
29.2/ 21.7 Cytokinin BNF, nodule number, weight, area, 
distribution and size 
Seed prime and 
foliar  
4C 15/03/19 – 
14/05/19 
26.3/ 19.5 Cytokinin BNF, nodule number, weight, area, 
distribution and size 
Seed prime  5C 22/03/19 – 
15/04/19 
25.5/ 19.3 Cytokinin Nodule number 
Seed prime 6C 15/08/20 – 
27/08.20 
28/ 25 Cytokinin Gene expression 
 
Effects of cytokinin, auxin and gibberellin applied as seed coat and root application  
In seed coat experiments, 75 µL of hormone treatment (Table 3.3) was added to a petri dish 
containing 25 g of seed and shaken; treatment is equivalent to commercial seed treatments 
at 3 g kg-1. For root drench experiments, 20 mL of hormone treatment was applied directly to 
the growing substrate at growth stages VC and V1. Treatment concentrations varied with the 
hormone, as guided by literature (Table 3.1), with 4 concentrations (Table 3.3) and solvent 
and water control used for each except for kinetin which is water soluble thus did not have 




Table 3.3 Cytokinin (kinetin), auxin (IAA) and gibberellin (GA3) concentrations used in 
seed coat and root application experiments. 
Hormone Solvent Treatment concentrations (mol L-1) 
Kinetin 
 
- 10-7 10-8  10-9  10-10  
IAA 
 
Ethanol 10-8  10-9  10-10  10-11  
GA3 KOH 10-7  10-8  10-9  10-10  
 
Effect of hormone application method on treatment success 
As the most promising hormone treatment (Table 3.6), synthetic cytokinin kinetin (Sigma 
Aldrich) was applied via three application methods: seed priming, root (applied to substrate), 
and foliar spray. Seeds that were not primed in kinetin (root, foliar and control) were 
hydroprimed in water and plants not sprayed with kinetin (root, seed primed, and control) 
were sprayed with water (Table 3.4). For the seed priming treatment, 25 g of seed were 
submerged in 25 mL of 10-7 (high) and 10-9 mol L-1 (low) kinetin solution for 4 h. Seeds were 
air dried in the greenhouse before inoculation and sowing later that day. Foliar and root 
application took place at early growth stages, VC and V1, respectively. Foliar spray was applied 
with a handheld pump pressure sprayer and root application by pouring 20 mL of kinetin 
solution onto substrate. Again, concentrations of 10-7 (high) and 10-9 mol L-1 (low) kinetin 
solution were used for both foliar and root applications.   




Pre-planting VC V1 
Kinetin seed prime 
 
Kinetin 10-7 and 10-9 mol L-1 Water Water 
Kinetin foliar 
 
Water  Kinetin 10-7 and 10-9 mol L-1 Kinetin 10-7 and 10-9 mol L-1 
Kinetin root 
 
Water Kinetin 10-7 and 10-9 mol L-1 Kinetin 10-7 and 10-9 mol L-1 
Water control Water Water  Water 
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Plant growth measurements 
At flowering stage (R1, approximately 30 DAS) plants were harvested, leaf chlorophyll (MC-
100 chlorophyll concentration meter, Apogee Instruments, USA) leaf area, shoot and root dry 
weight and nodule quantification were all determined as described in Chapter 2. BNF was also 
determined as described in Chapter 2. In gene expression experiment 6C, 1.5-2 cm root 
sections containing the zone of emerging root hairs, previously labelled at inoculation, were 
harvested. One biological replicate comprised root sections from 4-6 plants (1 pouch from 2 
blocks) pooled, wrapped in foil, snap frozen in liquid N, and stored at -80 °C.   
RNA extraction and cDNA synthesis 
Root sections (90 to 100 mg) were ground in liquid nitrogen in a pestle and mortar to give a 
fine powder and total RNA was extracted and purified using the RNeasy Plant Mini kit (Qiagen 
Ltd, UK) with optional DNase on column digestion (RNase free DNase set, Qiagen Ltd, UK) to 
eliminate DNA contamination. RNA integrity was checked using gel electrophoresis and RNA 
concentration on the SPECTROstar Nano Microplate Reader (BMG Labtech) at wavelength 
260 nm.  
Total RNA (1 µg) was then used to synthesise complementary DNA using the ProtoScript First 
strand cDNA Synthesis Kit (New England BioLabs, USA) using oligo(dT) primers in a 20 µL 
reaction. An initial incubation step at 25°C for 5 minutes followed by 1 hour at 42°C, then 
denaturation at 65°C for 20 minutes. The cDNA was diluted in a total volume of 100 µL.  
Semi-quantitative reverse transcription polymerase chain reaction  
Semi-quantitative reverse transcription PCR (RT-PCR) used actin as a control primer and 
ENOD40a was the target gene (Table 3.5) with the Taq DNA polymerase and inert red dye 
(BioMix Red reaction mix). A thermal cycler (PTC-100, MJ Research, Inc., USA) was used to 
perform reactions with 26 cycles of 1 minute at 94°C to denature primers, 1 minute at 55°C 





Table 3.5 Soybean primer sequences ENOD40a target and actin control used in semi-
quantitative RT-PCR reactions. 
Gene name  Forward primer (5'→3') Reverse 
GmENOD40a TCTCTCTTGAGTGGCAGAAGCA TGGAGTCCATTGCCTTTTCG 
GmActin TCGTATGAGCAAGGAAATTGG TAGAGCCACCAATCCAGACAC 
 
Band intensity of target and control genes per sample were compared to account for potential 
differences in cDNA concentration due to pipetting error or RNA quantification inaccuracies. 
Three technical replicates were carried out per biological replicate also to reduce error.  
Differences in levels of transcripts between target and control gene were detected by running 
PCR products using agarose gel electrophoresis (Appendix 3.9) to separated RT-PCR products 
using 10 µL of product on a 1.5% agarose gel, agarose dissolved in 1 x TAE (40 mM Tris-
acetate, 1 mM EDTA, pH 8.0), containing ethidium bromide (0.1 µg mL-1) at 82 watts for 45 
minutes. MassRuler DNA ladder, with a lower band of 80 bp, was used to estimate primer 
product sizes. A UV transilluminator with digital camera (Gel Doc 2000, Bio Rad, USA) was 
used to visualise RNA and DNA samples. Loading dye (6 x; MBI fermentas, USA) was added to 
RNA samples. PCR reactions with BioMix Red did not require additional loading dye. 
Differences in band intensity were quantified using ImageJ and relative expression calculated 
by dividing ENOD40a band intensity by that of actin to give relative expression.  
Data analysis 
One-way analysis of variance (ANOVA) was run with the data from hormone application 
experiments 1-3 (Table 3.2) with hormone treatment as the main effect. A two-way ANOVA 
was conducted for experiment 4 and 5 data with the model including hormone treatment and 
growth stage as main effects. Two-way analysis of variance (ANOVA) was run for experiment 
6C, with harvest time and cytokinin treatment as the main effects. Protected Fishers least 
significant difference was calculated to detect significant (p < 0.05) effects. Models were 
validated by checking the normality of the residuals and by plotting residuals against fitted 
values. All data analysis was performed in R software (RStudio Team, 2020).  
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3.3 | Results 
Seed coat application of cytokinin, auxin and gibberellin  
Seed coat application of cytokinin, auxin or gibberellin did not significantly change any of the 
nodules or plant growth variables at any of the concentrations tested (Table 3.6; Appendix 
3.1-3.3). Seed coat application therefore did not enhance any of the nodule traits assessed or 
BNF, as seen from lack of plant growth response (leaf area and shoot biomass) in these 
experiments. 
Table 3.6 Effect of hormone seed coat application in nodule number, nodule dry weight, 
specific nodule number, average nodule and shoot dry weight, leaf area and chlorophyll 
content. Results of one-way ANOVA (p value reported) with residual SE showing variance 
of models and degrees of freedom for nodule and growth traits at R1. 




















Cytokinin Treatment 0.975 0.913 0.453 0.217 0.424 0.841 0.630 0.353 
 
Residual SE 31.4 156 13.7 58.2 0.70 0.140 21.19 40.92 
 
d.F 250 250 250 250 249 251 250 245 
Auxin Treatment 0.164 0.292 0.584 0.980 0.467 0.353 0.334 0.387 
 
Residual SE 12 39.8 10.56 22.31 1.04 116.9 14.15 44.77 
 
d.f 137 137 137 137 137 137 137 137 
Gibberellin Treatment 0.996 0.825 0.262 0.218 0.671 0.548 0.489 0.837 
 
Residual SE 25.8 108.9 12.98 39.96 0.372 109.2 19.66 35.33 
 
d.f 76 36 37 36 37 120 120 119 
 
Root application of cytokinin, auxin and gibberellin 
Root application of 10-10, 10-9 and 10-7 mol L-1 cytokinin, in Experiment 2.C (Table 3.2), 
increased specific nodule number by 52%, 31% and 45%, respectively (p < 0.05; Table 3.7; 
Figure 3.2A). Total nodule area was increased by 66% and 92% (p < 0.05; Appendix 3.4) 
following kinetin application of 10-10 and 10-7 mol L-1. Number of optimal 4 mm nodules (see 
Chapter 2) also increased more than four-fold after cytokinin application of 10-7 mol L-1 (p < 
0.05; Figure 3.2B). Auxin application to roots (10-9, 10-8, 10-7 mol L-1) reduced (approximately 
70%; p < 0.05) the number of 4 mm nodules. Auxin application of 10-7 to 10-9 mol L-1 to roots 
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substantially decreased the number of 4 mm nodules (p < 0.001; Table 3.7; Appendix 3.5). 
Gibberellin did not significantly affect any nodule traits measured (Table 3.7; Appendix 3.6). 
Therefore, of the hormones tested here, nodule traits were most affected by cytokinin, with 
10-7 mol L-1 cytokinin applied to roots having the greatest effect.  
Table 3.7 Hormone root application. Results of one-way ANOVA (p value reported and 
bold where significant) with residual SE and degrees of freedom for nodule and growth 
























Cytokinin Treatment 0.005 0.118 0.223 0.065 0.552 0.209 0.040 
 
Residual SE 92.8 42.7 0.134 704.8 1.82 13.02 13.2 
 
d.f 54 52 49 42 42 15 52 
Auxin Treatment 0.161 0.453 0.793 0.201 0.835 0.543 <0.001 
 
Residual SE 130.3 80.2 0.507 56 1.45 22.68 1.42 
 
d.f 62 62 62 56 56 28 57 
Gibberellin Treatment 0.209 0.722 0.578 0.255 0.136 0.825 0.703 
 
Residual SE 56.1 0.033 0.853 105.9 0.399 21.81 1.54 
 









Figure 3.2 Specific nodule number and number of 4 mm nodules following cytokinin root 
application (teal) of 10-7 to 10-10 mol L-1 (e-7 to e-10) compared to untreated control (red). 
Letters denote significant difference as determined by LSD test. Bars are means ± SE of 12 
replicates. ANOVA p-values from treatment are reported. 
Hormone application method 
Cytokinin seed priming treatment (10-9 mol L-1) approximately doubled BNF (Table 3.8; p = 
0.05) and increased total nodule area per root weight (32%; p < 0.05; Figure 3.3) compared 
to the control. Root cytokinin application (10-7 mol L-1) also increased total nodule area (59%; 
p < 0.05; Table 3.8). Cytokinin treatments had no significant effect on total nodule weight. 
The mean distance of nodules from the root crown (mm) was roughly halved by cytokinin 
seed treatments (p < 0.05; Figure 3.3; Table 3.8), meaning nodules were less spread across 
the root system. Cytokinin treatments did not alter shoot weight (p = 0.146; Appendix 3.7), 
root weight (p = 0.129; Table 3.8) or leaf area per plant (p = 0.126; Appendix 3.7). Therefore, 
the cytokinin seed treatment (10-9 mol L-1) was the most promising treatment, able to increase 





Figure 3.3 Nodule and root scans of plants with close to average nodule area and 
distribution for respective treatment. Size guide calculated from plant label with line 










Table 3.8 Effect of different cytokinin application methods (foliar, root and seed) at two different concentrations (high 10-7 and low 10-9 mol L-1) 
on plant nodule phenotype and root weight. Values are averages, ±SE with letters denoting significant difference at p < 0.05 as determined by 





Total nodule area 
(mm2) Specific nodule 
area (mm2 g-1) 
Specific 
nodule 




















































































































































0.054 0.014 0.054 0.371 <0.001 0.025 0.147 0.065 0.129 
Residual SE   10.21 39.85 205 5.61 14.83 119.7 1.31 0.60 50.1 
df   53 58 57 58 24 57 58 57 57 
*digitally calculated average distance of nodule from root crow
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Cytokinin seed and foliar treatment over time 
In Experiment 4C, cytokinin seed or foliar treatments did not significantly alter any of the plant 
or nodule traits measured (Table 3.9; Appendix 3.8). Cytokinin effects did not depend on 
growth stage (V2-R6) that plants were harvested (no significant growth stage x treatment 
interactions). Equally, the cytokinin seed treatment did not increase BNF across all stages (p 
= 0.111; Table 3.9). At V4, however, the cytokinin seed treatment more than doubled BNF (p 
< 0.05; Figure 3.4).  
Table 3.9 Effect of different cytokinin application treatments (foliar 10-7 and seed 10-9 mol 
L-1) on plant nodule phenotypes from V2 to R6. Values are averages, ±SE with letters 
denoting significant difference at p < 0.05 as determined by least significant difference 
(LSD) test with results of one-way ANOVA below with model residual standard error and 












































































Stage V2 - 59.2 c 
±7.14 















































Cytokinin (C) 0.111 0.708 0.700 0.551 0.520 0.644 0.467 
Stage (S) 0.003 <0.001 <0.001 <0.001 <0.001 <0.001 - 
C x S 0.999 0.589 0.564 0.738 0.462 0.855 - 
SE 15.14 39.11 0.216 3.171 137.1 1.047 11.65 






Figure 3.4 Effect of different cytokinin application treatment (control, foliar 10-7or seed 
10-9 mol L-1) on BNF from V2 to R6. Values are averages, ±SE with letters denoting 
significant difference at p < 0.05 within stages as determined by least significant 
difference (LSD) test. ANOVA p-values from treatment, stage and their interaction are 
reported. 
 
Biological nitrogen fixation was approximately 82% higher at R6 than at V4 or R4 (p < 0.05). 
Average nodule area showed corresponding increases from V2 to R6 (p < 0.05), however 
average nodule weight peaked at R4, 63% and 22% more than V4 and R6, respectively (Table 
3.9). Thus, nodule mass and size change in different ways across growth stages, with average 
nodule size (area) corresponding to BNF. Plant growth, photosynthesis and yield were not 
altered by cytokinin application but did vary with growth stage (Appendix 3.8). Results 
highlight how different nodule traits vary over time as shown in Chapter 2. Cytokinin appears 






Figure 3.5 Effect of cytokinin seed priming (10-9 mol L-1) on nodule number from VE to V2. 
Values are averages, ±SE with letters denoting significant difference at p < 0.05 within 
stages as determined by least significant difference (LSD) test. ANOVA p-values from 
treatment, stage and their interaction are reported. 
 
In Experiment 5C, the cytokinin seed treatment did not increase the number of nodules at 
early (VE to V2) stages (p = 0.065; Figure 3.5). However, cytokinin seed priming, in experiment 
6C, upregulated relative gene expression of ENOD40a by 32% and 52% compared to not 
primed and hydroprimed controls 72 hours post inoculation (p < 0.05; Figure 3.5). No changes 
in Enod40a gene expression were seen compared to uninoculated control before 72 hours. 
Taken together, these experiments show that the cytokinin seed treatment tend to increase 




Figure 3.6 Effect of cytokinin seed priming (10-9 mol L-1) on Enod40a gene expression 
relative to actin. Values are averages of 1-3 biological replicates each with 3 technical 
replicates, letters denote significant difference at p < 0.05 within stages as determined 
by least significant difference (LSD) test. ANOVA p-values from treatment, harvest and 
their interaction are reported. 
3.4 | Discussion  
In this study, three plant hormones (kinetin, IAA and GA3) were tested as nodule and BNF 
biostimulants. Previous tests of phytohormone effects on nodules (Table 3.1) have included 
only a limited number of hormones and concentrations. Results herein comprehensively 
compared multiple hormone concentrations allowing an appropriate selection to be made for 
soybean. Cytokinin (kinetin) was the most promising hormone treatment, increasing nodule 
traits, including nodule number, specific nodule area and the number of optimal 4 mm 
nodules (see Chapter 2) (Figure 3.2) as well as BNF (Table 3.8), even though increases in 
nodule traits were not always consistently seen (Table 3.10). Thus, cytokinin application 






Table 3.10 Summary of hormone application effects on nodule traits and BNF. White cells 
indicate trait was not measured with different colours denoting either increase (green), 
negative (red) or no change (grey) following treatment. The shade of colour used 
indicates the strength of response. 






4 mm BNF Nodulin 
gene 
expression 
Seed coat 1.C Cytokinin 








    
 
Root application 2.C Cytokinin 








    
 
Seed prime, Foliar, Root 
application 
3C Cytokinin 
    
 
Seed prime and foliar  4C Cytokinin 
    
 
Seed prime 5C Cytokinin 
    
 
Seed prime 6C Cytokinin      
 
Although auxin has been reported to have central roles in nodule formation (Mathesius et al., 
1998; de Billy et al., 2001; Pacios-Bras et al., 2003; Turner et al., 2013), in these experiments 
exogenous hormone application did not enhance soybean nodules (Table 3.6 and 3.7; 
Appendix 3.2 and 3.5). Auxin-overproducing rhizobia stimulated nodule formation and 
development in species forming indeterminate nodules such as Medicago and vetch (Pii et 
al., 2007; Camerini et al., 2008) but not in those forming determinate nodules such as 
common bean and soybean (Hunter & Hunter, 1987; Pii et al., 2007). Results of this study 
confirm these earlier observations, with auxin root application tending to reduce total nodule 
area and number of 4 mm nodules (Appendix 3.5).  However, in other experiments exogenous 
auxin (using IAA and 4-Cl-IAA; 10-8 M) application increased nodule size and BNF of mung 
bean, which also forms determinate nodules (Ali et al., 2008), suggesting that nodule type 
does not always determine the effect of hormone treatments. Therefore, the effects of 
hormone treatments must be evaluated for each legume species. It could be that endogenous 
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auxin concentration is sufficient to not limit nodulation in soybean but this may not be the 
case in other species. 
Gibberellin is also thought to be important for nodule formation, especially at early stages 
(Dobert et al., 1992; Kouchi et al., 2004; Lievens et al., 2005; Hayashi et al., 2012). GA3 
application (10-6 M) can restore nodule formation of GA biosynthesis mutants (Ferguson et 
al., 2005), but in the present experiments additional GA had no effect on nodule formation 
for the soybean cultivar Viola (Table 3.6 and 3.7 and Appendix 3.3 and 3.6). Therefore, results 
suggest that GA operates within a certain concentration range with additional application 
having no added benefit to nodulation. Thus, it cannot be assumed that additional application 
of hormones that positively regulate nodulation will enhance nodule traits and BNF.  
Cytokinin application did, however, enhance some nodule traits, likely due to its effects on 
earlier nodule formation. Treatment effects over time indicate potential benefits at different 
plant stages. Active nodule number is a balance between formation and senescence, driven 
by the demand for N and the cost of photosynthates, thus harvesting at a single growth stage 
may not be representative of such changes in nodules over time. Cytokinin treatment may 
shift nodulation timings with potentially positive and negative consequences at different 
stages; earlier nodule establishment may result in early senescence.  Although long-term 
changes in the timing of nodules were not detected (Experiment 4C; Table 3.9), early changes 
occurred. In Experiment 4C, even though the cytokinin treatment increased N2 fixation at 
earlier stages (V4; Figure 3.4), there was no cytokinin x stage interaction, suggesting 
treatment effects on BNF were not stage-dependent (Table 3.9). 
More concentrated nodule distribution following cytokinin application (Figure 3.3 and Table 
3.8) is suggestive of earlier formation. At a certain distance up from the root tip, susceptibility 
to nodule initiation is greatest due to root hair formation (Bhuvaneswari et al., 1983; Calvert 
et al., 1984) thus less distributed nodules (closer to the root crown) resulted from earlier 
formation. Additionally, cytokinin increased nodule number in early stages (Figure 3.5). 
Following NF perception and calcium spiking, cytokinin is a second messenger (Tirichine et al., 
2006; Murray, 2007; Oldroyd, 2007; Frugier et al., 2008) that induces inner cortical-cell 
divisions (Hirsch et al., 1997; Fang & Hirsch, 1998; Mathesius et al., 2000) and development 
of infection threads (Lorteau et al., 2001). Taken together, this shows the importance of 
cytokinin signalling in early nodulation. Cytokinin application (10-8 M BAP added to agar 
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growth media) enhanced nodulation in L. japonicum with upregulated expression of early 
nodulin genes (NIN and ENOD40) (Heckmann et al., 2011).  
Results of these experiments confirm the same phenotypic response in soybean (Figure 3.5) 
and again show cytokinin application can induce NF response genes, in this study ENOD40a 
(Figure 3.6). This perhaps provides evidence that cytokinin seed soak has a priming effect on 
these genes, perhaps accounting for enhanced nodule development. Upregulation of 
ENOD40a by cytokinin occurred 72 hours post inoculation (Figure 3.6), slower than when NF 
were directly applied to S. rostrata or Trifolium repens (Dehio & de Bruijn, 1992; Mathesius 
et al., 2000). This could be due to host-rhizobia signalling events required before NF 
production by inoculants used in this study. However, ENOD40a upregulation 12 hours after 
inoculation with B. japonicum in the same pouch system has been reported (Hayashi et al., 
2012). This may be explained by differences in the speed of nodule develoment seen across 
genotypes (Chapter 2) or differences in rhizobial strain used. Further work to establish if 
different responses are seen across genotypes or in a variety of inoculants would be 
beneficial. Additionally, as cytokinin application upregulated transcription factors (nsp1, nsp2 
and nin) upstream of ENOD genes in Lotus japonicus (Heckmann et al., 2011; Plet et al., 2011; 
Ariel et al., 2012; van Zeijl et al., 2015), expression of these genes should also be determined 
in soybean to further establish the effect to cytokinin on the symbiotic pathway. 
Plant responses to various hormones depend on treatment concentration (Lorteau et al., 
2001; Ali & Bano, 2008; Piotrowska-Niczyporuk & Bajguz, 2014). Additionally, variable 
application methods, legume species and cytokinin types across the literature make 
comparisons of treatment concentrations difficult. In this study, kinetin application to 
soybean was more effective at a low (10-9 mol L-1) concentration than high (10-7 mol L-1) for 
all application methods (in Experiment 3C; Table 3.8), with no concentration x application 
method interaction. This is in contrast to earlier results (Experiment 2C) where higher 
concentrations (10-7 mol L-1) applied to roots also improved nodule traits (Figure 3.2; 
Appendix 3.4). Seed priming gave the most promising results of the application methods 
tested. Root application of 10-6 mol L-1 (BAP) increased nodule number in pea but higher 
concentrations had a negative effect due to ethylene production (Lorteau et al., 2001). 
However, kinetin seed soak of 10-5 M with chickpea improved nodule traits (Ali & Bano, 2008; 
Fatima et al., 2008). Therefore, treatment concentration should be species-specific with 
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application method of less importance. The type of cytokinin is also likely to affect plant 
responses and the concentration at which it should be applied and warrants further testing. 
For this study, kinetin was chosen based on previous promising results in legumes forming 
determinate nodules (Ali & Bano, 2008; Fatima et al., 2008).  Further investigation of 
continued or later hormone application is recommended, similar to delayed or additional 
inoculation (from one week to flowering) studies which lead to increased nodule 
development and yield (Materon, 1994; Moretti et al., 2018). 
Cytokinin application can result in non-functional spontaneous nodulation in the absence of 
rhizobia (Heckmann et al., 2011), perhaps to the detriment of plant growth. However, 
increased nodule area (Appendix 3.7) did not restrict plant growth and instead increased BNF 
(Table 3.8), suggesting that changes in nodule traits are beneficial. Nevertheless, plant growth 
did not increase, suggesting that the increase in BNF was insufficient to alter plant biomass 
but may have increased plant N content, altering C:N ratio and nitrogen use efficiency. 
Responses to cytokinin application are not seen in nitrate-sufficient growth media (Bauer et 
al., 1996), so the cytokinin treatment effects seen in these experiments could be triggered by 
the limited N availability. Testing cytokinin treatments in in the field is therefore required 
(Chapter 4).  
Results of these experiments do not fully support previous findings (Chapter 2) that increased 
nodule size enhances BNF (Voisin et al., 2003; de Araujo et al., 2017) as here the highest BNF 
corresponds with the largest total nodule area (Table 3.8). This is likely due to differences in 
the timing of nodules and BNF seen across genotypes, with cultivar Viola showing correlations 
with 4 mm nodule number only at R6 (Chapter 2). Therefore, it is recommended that the 
effects of cytokinin treatments on BNF and nodule traits are explored in a wider range of 
genotypes.   
Cytokinin application can increase transpiration, biomass accumulation, chlorophyll content 
and photosynthesis in non-legumes (Tassi et al., 2008; Cassina et al., 2011; Dobránszki & 
Mendler-Drienyovszki, 2014), suggesting that growth stimulation can occur irrespective of 
effects on BNF. In contrast, plant biomass, chlorophyll content and leaf gas exchange were 
not altered in these experiments (Appendix 3.7 and 3.8), indicating that increases in BNF are 
not likely to be due to increased N demand from larger plants or increased photosynthate 
supply due to increased photosynthesis.  
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Cytokinin interacts with many other phytohormones, including the negative nodulation 
regulator ethylene (Lorteau et al., 2001) and positive regulator, auxin (Mathesius et al., 2000). 
During nodulation, NF perception reduces the auxin to cytokinin ratio in roots (Cooper & Long, 
1994; Bauer et al., 1996; Hirsch et al., 1997) leading to increased nodule formation (Caba et 
al., 2000). Both cytokinin and auxin act together to induce nodulin gene expression (Jiménez-
Zurdo et al., 2000) with auxin accumulation dependent on cytokinin (Ng et al., 2015). 
Cytokinin treatments therefore likely work in association with auxin, but this was not 
measured in these experiments.  
3.5 | Conclusion  
Cytokinin application was the most promising hormone tested here, with other hormones 
having relatively little effect. Application method and concentration influenced treatment 
success with seed priming treatment at a concentration of 10-9 mol L-1 optimal here. Cytokinin 
treatment increased total nodule area leading to increases in BNF, supporting previous 
findings herein (Chapter 2). Promotion of early nodule signalling events also occurred 
following treatment, with ENOD40 upregulation, suggesting that cytokinin enhances nodule 
establishment. However, plant growth was not increased, so, the agronomic value of these 








Chapter 4: Genotype and cytokinin effects on soybean yield and 
biological nitrogen fixation across soil temperatures. 
4.1 | Introduction 
Soybean is one of the most important vegetable protein sources globally, contributing to the 
agricultural economies of many countries (Hungria & Mendes, 2015). Soybean has the highest 
nitrogen (N) requirement of all major crops (Sinclair & De Wit, 1975) with 80 kg canopy N 
required per metric tonne of seed and yield strongly correlated to N accumulation (Salvagiotti 
et al., 2008; Rotundo et al., 2014). As a legume, soybean uses two N sources, mineral soil N 
uptake and atmospheric BNF. Soybean can derive up to 70% of its N demand from BNF 
(Salvagiotti et al., 2008; Santachiara et al., 2017) but high soil N concentrations limit BNF 
(Santachiara et al., 2019).  
Temperature also affects the contribution of the two N sources to plant N status, with BNF 
generally considered more cold sensitive than soil N uptake (Matthews & Hayes, 1982; 
Thomas & Sprent, 1984; Legros & Smith, 1994;;). In soybean, root zone temperatures (RZT) 
less than 25oC delay the onset of BNF, with nodule initiation limited at 10oC RZT and activity 
at 15oC (Legros & Smith 1994; Zhang et al., 1995; Poustini et al., 2005; Mishra et al., 2009). 
However, low soil temperatures may also limit mineral N uptake by restricting root growth 
and/or nitrate uptake as seen in controlled environments (Rufty et al., 1981; Tolley & Raper 
1985) but not in field trials. 
Despite these limitations, which may affect early growth and subsequent yields, many regions 
recommend early sowing of soybean in cold soils (Purcell et al., 2014; Di Mauro et al., 2019; 
Rattalino Edreira et al., 2020) to take advantage of early rainfall, to avoid summer drought, 
reduce disease and insect damage and to extend the growing season. Local soybean 
production has the potential to improve protein self-sufficiency (De Visser et al., 2014), even 
though many European countries have suboptimal environments for soybean (Kurasch et al., 
2017).  
BNF depends on successful nodulation and rhizobial efficiency to fix atmospheric N2 to 
ammonia. Previous work to mitigate the effects of low RZT on BNF have focused on identifying 
cold tolerant rhizobia (Zhang et al., 2002; Zimmer et al., 2016; Kühling et al., 2018; Yuan et 
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al., 2020). However, the success of rhizobial inoculants can depend on their persistence in the 
soil and competition with native rhizobia, with local strains better adapted to adverse 
conditions (Thilakarathna & Raizada, 2017). Early nodule establishment in low RZT may 
therefore improve the effectiveness of cold adapted inoculants. The photosynthetic cost of 
BNF (16 moles ATP per mole N) (Kahn et al., 1998), requires that plants balance this with their 
N requirements, but N is more limiting to growth than carbon (C) uptake under low (around 
15oC) temperatures (Thomas & Sprent, 1984; Walsh & Layzell, 1986). Thus, promoting nodule 
development in cold environments is likely to be beneficial.  
In optimal soil temperatures, certain nodule traits are associated with increased BNF. Nodule 
size positively correlates with increased N fixation (Voisin et al., 2003; Tajima et al., 2007; de 
Araujo et al., 2017) and certain nodule sizes (4 mm diameter) are considered optimal (Chapter 
2; Purcell et al., 1997; King & Purcell, 2001), with greater relative export of N products and 
import of C. Increased nodule weight following exposure to low RZT temperatures (15oC), may 
compensate for lower nodule activity (Zhang & Smith, 1994), suggesting that increased 
nodule development is beneficial for the cold tolerance of BNF. The effects of early nodule 
establishment on soybean BNF have been studied previously (Chibeba et al. 2015; Cerezini et 
al. 2016) but not in early sown soybean experiencing low RZT. 
Different soybean genotypes vary in their ability to fix N in low temperature (Lynch & Smith, 
1993; Zhang & Smith, 1994). As new soybean cultivars show reduced BNF under normal 
conditions (van Kessel & Hartley, 2000; Nicolás et al., 2002), similar effects could occur under 
cold temperatures but with greater impacts on yield as N uptake is also limited. Maintaining 
N uptake during seed filling is important for high yield (Kumudini et al., 2002; Zimmer et al., 
2016) especially in early sown soybean that experience low RZT. Although genotypes differed 
in BNF when grown in cool conditions, there was no effect on nodules (Zimmer et al., 2016) 
and nodule traits were not associated with genotypic differences in cold tolerance.  
An alternative approach to enhance nodulation and to reduce the effects of cold is to 
manipulate endogenous hormone concentrations in planta, such as cytokinins (Lorteau et al., 
2001; Ali et al., 2008; Fatima et al., 2008; Heckmann et al., 2011). Low RZT limit early 
nodulation signalling including perception of NF (see Chapter 1.6). Suboptimal RZT have been 
shown to decrease endogenous cytokinin in Solanum lycopersicum (tomato) and Cucumis 
sativus (cucumber) (Ali et al., 1996; Tachibana et al., 1997). Cytokinin application may 
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enhance nodulation by maintaining plant rhizobial communication in low RZT. Cytokinin 
induces early nodulin genes in plants (see Chapter 3) acting in a similar way to NF signalling, 
inducing cortical cell division genes (Dehio & Bruijn 1992; Bauer et al., 1996; Mathesius et al., 
2000; Heckmann et al., 2011). Therefore, early cytokinin application during nodule formation 
may compensate for delayed bacterial signalling and stimulate higher rates of nodule 
development and BNF.   
Exogenous cytokinin applications induced positive effects in a number of legumes depending 
on the application method, timing and concentration (Cho et al., 2002; Koprna et al., 2016; 
Liu et al, 2004) with high concentrations limiting nodule number (Lorteau et al., 2001; Mens 
et al. 2018). Cytokinin applications during early reproductive development (stages R1-R3) 
increased pod set (Ibrahim et al., 2007; Nonokawa et al., 2007; Yashima et al., 2005). 
Cytokinin seed priming or application to recently emerged seedlings also increased yield of 
other legumes (peanut, chickpea, Lens culinaris and pea) but effects are unknown in soybean 
(Schroeder, 1984; Naeem et al., 2004; Fatima et al., 2008; Dhruve & Vakharia 2013;;). Seed 
treatment with non-thermal plasmas increased soybean nodule nitrogenase activity, in part 
by increasing endogenous cytokinin concentrations (Pérez-Pizá et al., 2020). While cytokinin 
application can enhance BNF in chickpea (Fatima et al., 2008), no studies have considered 
cytokinin application to improve BNF of early sown soybean. 
Since nitrogen supply is the most limiting factor to soybean yield (Rotundo et al., 2014) and 
suboptimal temperature (<25oC) limits its uptake (Tolley & Raper, 1985; Rufty et al., 1981; 
Zhang et al., 1995), this study tested whether N uptake varied between different genotypes 
and with cytokinin application. A field experiment with early and conventional sowing dates 
aimed to: (i) examine low temperature responses of different commercial soybean genotypes 
and (ii) test whether cytokinin application could enhance BNF in cold temperature. Since 
nodule formation and BNF are sensitive to cold temperature, it was hypothesised that early 
sowing would limit BNF and any genotypic differences in cold tolerance will reflect differences 
in N uptake. Moreover, it was hypothesised that cytokinin treatment would enhance nodule 
traits, helping to maintain BNF during exposure to low soil temperature.  
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4.2 | Materials and methods 
Site conditions, treatments and experimental design  
Field trials were conducted to determine whether genotypes differed in, and whether 
cytokinin treatments enhanced, BNF. How genotype and cytokinin alter response to early 
sowing with low RZT under field conditions was also evaluated. Trials were sown during the 
2018/2019 and 2019/2020 growing seasons, with three sowing dates of 25th September, 8th 
November (early November) and 25th November (late November) in the first trial and two 
sowings 19th December and 3rd January in the second. The 2019/2020 trial aimed to establish 
the effect of cytokinin treatment and did not consider temperature effects. Trials were carried 
out at Campo Experimental Villarino, located in Zavalla, Santa Fe, Argentina (33o1’ S, 60o53 
W; elevation 24.6 m). Soil and air temperature and potential evapotranspiration (Hargreaves 
and Samani, 1985) varied across sowing dates but precipitation did not (Figure 4.1; Table 4.1; 
Appendix 4.1-4.2). The USDA soil series was a silty clay loam Vertic Argiudoll, Roldan series. 
Soil (0 to 20 cm depth) had 2.86% and 3.05% organic matter, 13.9 and 18.9 mg kg-1 P and 5.8 
pH in 2018/19 and 2019/20, respectively. N-NO3-  was 12.5 mg kg-1 in September, 22.9 mg kg-
1 in early November, and 7.1 mg kg-1 in late November in the first trial and 19.4 mg kg-1 in 
December (2019). This rainfed experiment was sown in a field having a double crop of 










Cytokinin treatments (kinetin; Sigma Aldrich) consisted of either seed priming (10-9 mol L-1), 
foliar spray (10-7 mol L-1) or water control. All seeds were submerged either in water (foliar 
and control) or cytokinin solution (seed) for four hours, air dried and stored at 4oC until sowing 
the following day. Cytokinin treatment did not significantly affect emergence, measured 22 
days after sowing. Foliar cytokinin treatment was applied at VC and V1 (rate of 50 L ha-1), with 
control and seed-treated plants sprayed with water. Two commercial soybean genotypes 
were used, DM40R16 and DM50I17 (Grupo Don Mario), with maturity groups IV and V, 
respectively. For the late November sowing date (2018/2019 trial), days from emergence to 
R7 (physiological maturity) for genotypes DM50I17 and DM40R16 differed by 12 days in the 
first trial. Figure 4.1 shows the phenology of genotypes from each sowing date for 2018/2019. 
After drying, seeds were coated with inoculant and osmoprotector at recommended rates 
with RizoLiq LLI ® (Rizobacter, Argentina) and seed insecticide and fungicide, Cruiser 
Advanced® (Syngenta, Argentina) at recommended rates. A randomised complete block 
Figure 4.1 Daily air and soil (10 cm depth) temperature (black and grey line, respectively), precipitation 
(blue bars; A) and potential evapotranspiration (purple line; B). Phenological growth stages for each 




design was used with genotypes and cytokinin treatments randomised within blocks, resulting 
in three plot replicates for each cytokinin/genotype combination per sowing date. Plots were 
over-seeded and hand thinned to a target plant population of 20 plants per m2. Manual 
sowing was necessary due to enlarged seed following seed priming, where seeds were evenly 
distributed into furrows approximately 3 cm deep. Each plot was 6 m long with 4 rows 0.52 
m apart (plot size was 12.5 m2), with all measurements comprising the two central rows. 
Weeds and pests were chemically controlled with commercially available products as needed.  
 
Table 4.1 Field climate data for three sowing dates in the 2018/ 2019 field trial. Values 
are averages of each month, ±SE with letters denoting significant difference at p < 0.05 
as determined by least significant difference (LSD) test with results of one-way ANOVA 
below with model residual standard error. 
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Sow <0.001 <0.001 0.115 0.043 
Residual SE 3.4  2.3 10.4 2.27 
 
Biomass and nitrogen concentration  
Above-ground biomass was sampled at the R1, R3, R5, and R7 phenological stages (Figure 4.1) 
(Fehr & Caviness, 1977) from a 0.5 m2 area, leaving the first and last plant of the rows to 
prevent border effects. Due to poor germination in the second trial, plants were not harvested 
at R5 to ensure sufficient area for determining yield. From each harvest, leaf area was 
measured with a leaf area meter (Model Li-3100C Li-Cor), and plants were separated into 
leaves and stems and dried at 60oC in an air forced oven. After drying, all plant parts were 
weighed to determine dry matter. Seed yield was determined at physiological maturity from 
the remainder of the plot (2.1 m2) using an experimental static harvester. After weighing, all 
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plant biomass samples were milled to 1 mm. Nitrogen concentration in leaves and stems was 
determined using Kjeldahl procedure (McKenzie & Wallace 1954). Nitrogen use efficiency was 
calculated by dividing total above ground biomass by total N uptake (Xu et al., 2012). Nitrogen 
harvest index was calculated by dividing total seed N content by total canopy N uptake at R7.  
Biological nitrogen fixation  
Ground stem samples (0.4 g) were used to extract ureide and BNF was determined using the 
same method as described in Chapter 2. The amount of N fixed biologically (kg ha-1), for each 
harvest, was calculated by multiplying relative ureide N (%) by aboveground total N (kg ha-1) 
(Herridge & Peoples, 1990). By adding the amount of biologically fixed N at each harvest date 
plus the amount accumulated between each harvest date, total N coming from BNF at 
physiological maturity (kg ha-1) was determined. The ratio between biologically fixed N (kg ha-
1) and total N uptake at maturity provided the final percentage of N derived from fixation 
(Ndfa%) for the growth period. The difference between aboveground total N (kg ha-1) and 
biologically fixed N (kg ha-1) was used to indicate soil mineral N absorption. 
Nodulation  
Nodules were quantified using the same method as described in Chapter 2. Roots were 
sampled when each plot reached at R1, R3 and R5. Three plant samples were taken and frozen 
at -20oC until analysis. Root samples were thawed and washed before nodules were detached 
and photographed on a white surface with a size reference label. ImageJ (1.51K; Schneider et 
al., 2012) was used to count and measure nodule area (mm2). Once imaged, nodules were 
dried at 60oC and weighed.  
Data analysis 
Data from the first trial was used to see the effect of genotype and cytokinin on BNF across 
soil temperatures, the ANOVA included sowing date, genotype and cytokinin treatment as 
main effects, with Protected Fisher’s least significant difference calculated for significant (p < 
0.05) effects. To determine the effect of genotype and cytokinin (main effects) on nodule 
traits, BNF and yield data were combined across both field seasons and sowing date was 
included as a random effect in a linear mixed effect model. Models were validated by checking 
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the normality of the residuals and by plotting residuals against fitted values. All data analysis 
was performed in R software (RStudio Team, 2020).  
4.3 | Results  
Cytokinin and Genotype 
Yield of DM50I17 was significantly (p < 0.001) higher than DM40R16 by 18% (Table 4.2). 
Cytokinin seed priming did not significantly alter yield, but foliar treatment reduced yield (p < 
0.05) by 10% from control (Table 4.2). Grain quality, indicated by seed N content, was not 
significantly affected by genotype or cytokinin. Specific leaf area of DM50I17 was 15% higher 
than DM40R16 (p = 0.007; Table 4.2). Taken together, genotype DM50I17 performed better 
in this environment but cytokinin treatments did not benefit plant growth or yield.  
Table 4.2 Seed yield at R8, specific leaf area at R1, grain nitrogen content, percent BNF, 
soil N uptake, N use efficiency (NUE; biomass/N uptake) and N harvest index (NHI; grain 
N/ N uptake) at R7. Yield data from five sowing dates (n= 30 for cytokinin and 45 for 
genotype), other variables from four sowing dates (n=24 for cytokinin and 36 for 
genotype), in two genotypes (DM40R16 and DM50I17) with cytokinin application (water 
control, seed soak or foliar spray). Values are averages with letters denoting significant 
difference at p < 0.05 as determined by least significant difference (LSD) test with mixed 
effect model results and degrees of freedom below.  

































Genotype DM40R16 2903 b 4.13 255 b 40.5 a 170 b 292 b 29.0 b 78.0 
 
DM50I17 3420 a 4.30 292 a 33.5 b 205 a 321 a 30.2 a 79.3 
Cytokinin Control 3249 a 3.84 289 39.2 193 324 29.8 77.3 
 
Seed 3320 a 4.63 268 38.1 186 309 29.7 78.9 
 
Foliar 2916 b 4.17 264 33.7 183 288 29.3 79.8 
Genotype (G) <0.001 0.569 0.007 0.019 0.001 0.027 0.034 0.255 
Cytokinin (C) 0.023 0.111 0.239 0.278 0.730 0.090 0.683 0.177 
C x G 
 
0.851 0.557 0.407 0.202 0.017 0.155 0.549 0.851 




Overall, DM40R16 had higher BNF than DM50I17 (17%; p = 0.019) but lower soil N uptake 
(21%; p = 0.001) leading to lower total canopy N (10%; p = 0.027; Table 4.2). NUE was higher 
in DM50I17 (4%; p = 0.034) but NHI was not significantly different. Therefore, DM50I17 
accumulated more N due to soil N uptake and greater N use efficiency.  
Cytokinin treatment did not alter BNF in either genotype (Table 4.2). The effect of cytokinin 
treatment on soil N uptake was genotype-dependent (p = 0.017; Figure 4.2) with seed 
treatment reducing N uptake in DM40R16 by 23% (p < 0.05).  
 
Figure 4.2 Soil N uptake in two genotypes, DM40R16 (red) and DM50I17 (teal), following 
cytokinin application. Data are means ± SE of 12 plots across 4 sowing dates. ANOVA p-
values from the genotype x cytokinin interaction are reported. 
At R1 and R5, DM50I17 derived 52% and 11% more N from fixation than DM40R16 (p < 0.001 
and p = 0.026, respectively; Table 4.3). However, at R7, DM40R16 had higher BNF (26%; p = 
0.008; Table 4.3). Thus, genotypes showed different BNF capacities at early and late stages.  
Cytokinin foliar treatment reduced BNF by 26% (p < 0.05) across both genotypes, at R1. . At 
R5, there was a genotype x cytokinin interaction, with cytokinin seed treatment reducing BNF 
in DM40R16 but not DM50I17 (26%; p < 0.05). Thus, cytokinin treatments appear detrimental 




Table 4.3 Biological N fixation (BNF) at R1, R3, R5 and R7. Data from four sowing dates 
(September, early November and late November in 2018/19 and December 2019/20 
minus R3), in two genotypes (DM40R16 and DM50I17) with two cytokinin applications 
(water control, seed soak or foliar spray). Values are averages (n=24 for cytokinin and 36 
for genotype), with letters denoting significant difference at p < 0.05 as determined by 
least significant difference (LSD) test with ANOVA and degrees of freedom below.  
Source of variance Sowing BNF (%) 
  
R1 R3 R5 R7 
Genotype DM40R16 16.2 b 48.3 43.7 b 43.2 a 
 
DM50I17 24.6 a 50.3 48.5 a 31.9 b 
Cytokinin Control 21.7 a 47.2  46.3 40.5 
 
Seed 23.7 a 53.3  44.4 38.4 
 
Foliar 16.1 b 47.1  47.6 33.8 
Genotype (G) 
 
<0.001 0.430 0.026 0.008 
Cytokinin (C) 
 
0.006 0.058 0.488 0.405 
C x G 
 
0.239 0.900 0.011 0.200 
df  63 46 63 63 
  
Genotype DM50I17 had more nodules at R1 and R5 than DM40R16 (18% and 36%; p = 0.041 
and p = 0.002, respectively; Table 4.4). Similarly, at R5, both total nodule area and number of 
4 mm nodules were greater in DM50I17 (29% and 40%; p = 0.009 and p = 0.011, respectively). 
Cytokinin seed treatment decreased average nodule size at R1 (7%; p = 0.05; Table 4.4). 
Cytokinin treatments therefore seemed to reduce nodule traits in field trials. 
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Table 4.4 Nodule number, average nodule size, total nodule area and number of 4 mm nodules at three growth stages (R1, R3 and R5). Data 
from five sowing dates across two years, in two genotypes (DM40R16 and DM50I17) with cytokinin application (water control, seed soak or foliar 
spray). Values are averages (n= 30 for cytokinin and 45 for genotype), with letters denoting significant difference at p < 0.05 as determined by 







Nodule number (#) Average nodule size (mm
2
) Total nodule area (mm
2
) 4 mm nodules (#) 
  
R1 R3 R5 R1 R3 R5 R1 R3 R5 R1 R3 R5   
Genotype DM40R16 27.6 b 48.5 38.6 b 7.47 7.30 8.11 229 353 309 b 5.90 12.5 6.40 b   
 
DM50I17 32.8 a 56.4 52.5 a 6.87 6.76 9.93 235 397 399 a 5.94 14.1 8.95 a   
Cytokinin Control 31.8 59.9 43.2 7.12 ab 6.90 8.01 251 423 339 6.36 15.1 8.18   
 
Seed 29.8 48.2 48.1 6.59 b 6.87 7.84 206 332 356 5.01 11.9 7.44   
 
Foliar 29.0 49.3 45.4 7.80 a 7.31 8.20 239 369 366 6.39 13.0 7.39   
Genotype (G) 
 
0.041 0.103 0.002 0.055 0.058 0.646 0.815 0.152 0.009 0.968 0.378 0.011   
Cytokinin (C) 
 
0.639 0.094 0.649 0.008 0.367 0.752 0.390 0.057 0.798 0.570 0.336 0.767   
C x G 
 




Sowing date did not significantly affect seed yield (p = 0.252). There was no significant 
genotype x sowing date interaction (p = 0.513), suggesting the genotypes were similarly cold 
tolerant (Figure 4.3). However, a treatment x sowing date interaction (p = 0.03) occurred, with 
cytokinin foliar treatment significantly (p < 0.05) decreasing yield only of early November 
sown crops. Thus, cytokinin treatments do not seem to benefit yield and may be detrimental 
in conventional sowing. 
Grain quality, indicated by seed N content, was not significantly affected by sowing date. 
However, cytokinin seed treatment more than doubled grain N of DM40R16 in early 
November sowing compared to control (p < 0.05). 
September sown crops had significantly (p < 0.05) lower specific leaf area, 30% and 45% less 
than the early November and late November crops, respectively (Table 4.5). Both genotypes 
significantly increased their specific leaf area from September to late November, DM40R16 
by 69% and DM50I17 by 28% (Figure 4.3), without a significant genotype x sowing date 
interaction (p = 0.128) indicating no difference in cold tolerance. 
Late November sowing accumulated more canopy N (12% and 21%) than the September and 
early November sowing (Table 4.5). However, September sown plants derived significantly 
more (p = 0.001; Table 4.5) of their N from BNF (Ndfa%) than later sown plants: 20% and 11% 
greater than in early November and late November sowing. Late November sown DM50I17 
had lower (39%) BNF than September, while this effect was not seen in DM40R16 (Figure 4.4), 
as indicated by a genotype x sowing date interaction (p < 0.001). Percent BNF was also higher 
in DM50I17 than in DM40R16 in early November sowing date (p < 0.05; Figure 4.4). Therefore, 
early sowing increases plant reliance on BNF compared to those sown at more conventional 
times, with BNF of DM50I17 (but not DM40R16) significantly affected by sowing date.  
Soil N uptake was 23% higher for the late November than the September sowing (p < 0.05; 
Table 4.5). Again, there was a genotype x sowing date interaction (p < 0.001), with increased 
soil N uptake (~32%) in the late November sowing of DM50I17 compared with other sowing 
dates of both genotypes (Figure 4.4). Therefore, soil N uptake is limited by early sowing date 
and only DM50I17 increased soil N uptake in response to later sowing. 
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Table 4.5 Seed yield at R8, specific leaf area at R1, grain nitrogen content, percent BNF, 
soil N uptake, N use efficiency (NUE; biomass/N uptake) and N harvest index (NHI; grain 
N/ N uptake) at R7. Data from three sowing dates (September, early November and late 
November), in two genotypes (DM40R16 and DM50I17) with cytokinin application (water 
control, seed soak or foliar spray). Values are averages (n=18 for sowing date and 
cytokinin and 27 for genotype)), with letters denoting significant difference at p < 0.05 as 
determined by least significant difference (LSD) test with ANOVA, residual SE and LSD 
results below. Residual degrees of freedom are 36. 
 

































Sowing date Sept 3922 5.18 226 b 44.6 a 191 b 348 b 31.1 a 79.6 b 
 
Early Nov 4210 4.27 294 a 35.8 c 197 b 310 b 32.3 a 86.8 a 
 
Late Nov 4254 4.70 327 a 39.5 b 235 a 397 a 24.2 b 74.1 c 
Genotype DM40R16 3895 b 4.78 264 b 40.4 195 b 337 28.1 81.3  
 
DM50I17 4362 a 4.66 301 a 39.4 219 a 366 30.3 79.0  
Cytokinin Control 4329 a 4.31 304 38.8 214 370 30.8 79.7 
 
Seed 4408 a 5.24 277 42.0 204 355 28.6 80.3 
 
Foliar 3649 b 4.61 266 39.0 199 329 28.1 80.5 
Sow (S) 0.252 0.135 <0.001 <0.001 0.003 <0.001 <0.001 <0.001 
Genotype (G) 0.011 0.737 0.025 0.401 0.027 0.095 0.127 0.086 
Cytokinin (C) 0.002 0.114 0.154 0.102 0.216 0.141 0.266 0.979 
G x S 
 
0.513 0.636 0.128 <0.001 <0.001 0.638 0.067 0.465 
C x S 
 
0.030 0.099 0.069 <0.001 0.042 0.731 0.729 0.010 
C x G 
 
0.854 0.571 0.408 0.002 0.009 0.255 0.491 0.561 
C x G x S 
 
0.984 0.057 0.466 <0.001 0.923 0.109 0.162 0.067 
Residual SE 638.9 1.3 59.2 4.9 38.8 61.9 5.2 3.4 




Figure 4.3 Seed yield (A) and specific leaf area at R1 (B) in two genotypes, DM40R16 (red) 
and DM50I17 (teal), across three sowing dates. Data are means ± SE of 9 plots, across 3 
cytokinin treatments, with lack of letters denoting no significant difference at p < 0.05 as 
determined by least significant difference (LSD). ANOVA p-values from the genotype x 
cytokinin interaction are reported  
 
Figure 4.4 Percent BNF (A) and soil N uptake (B) in two genotypes, DM40R16 (red) and 
DM50I17 (teal), across three sowing dates. Data are means ± SE of 9 plots, with different 
letters above bars indicating significant differences according to LSD test. ANOVA p-
values from the genotype x cytokinin interaction are reported  
The effect of sowing date on BNF changed across the growth period (Table 4.6). At early 
reproductive stages (R1 and R3), BNF was higher in late November than September (74% and 
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40%, respectively; p < 0.05) sowing. However, at R7, BNF in September was 26% greater than 
late November (p < 0.05). Thus early sowing delayed BNF but led to increased BNF at maturity. 
Table 4.6 Biological N fixation (BNF) at R1, R3, R5 and R7. Data from three sowing dates 
(September, Early November and late November 2018/19), in two genotypes (DM40R16 
and DM50I17) with two cytokinin applications (water control, seed soak or foliar spray). 
Values are averages (n=18 plots for sowing date and cytokinin and 27 for genotype), with 
letters denoting significant difference at p < 0.05 as determined by least significant 
difference (LSD) test with ANOVA, residual SE and LSD results below. Residual degrees of 
freedom are 36. 
 
Source of variance Sowing BNF (%) 
  
R1 R3 R5 R7 
Sowing date Sept 8.21 c 43.4 b 38.2 b 47.4 a 
 
Early Nov 23.8 b 31.7 c 53.9 a 36.2 b 
 
Late Nov 31.7 a 72.5 a 54.9 a 35.1 b 
Genotype DM40R16 17.3 b 48.3 48.5 40.7 
 
DM50I17 25.2 a 50.2 49.5 38.5 
Cytokinin Control 23.5 a 47.2 b 49.8 38.0 
 
Seed 24.0 a 53.3 a 47.5 41.6 
 
Foliar 16.3 b 47.1 b 49.7 39.2 
Sow (S) 
 
<0.001 <0.001 <0.001 <0.001 
Genotype (G) 
 
<0.001 0.262 0.615 0.215 
Cytokinin (C) 
 
<0.001 0.004 0.523 0.233 
G x S 
 
<0.001 0.009 0.006 <0.001 
C x S 
 
<0.001 0.072 0.185 <0.001 
C x G 
 
0.022 0.806 <0.001 0.002 
C x G x S 
 
0.034 <0.001 0.014 <0.001 
Residual SE   5.0 6.1 6.7 6.4 
LSD 5%   3.4 4.1 4.5 4.3 
 
Sowing date also significantly (p < 0.001) affected cytokinin response, with cytokinin seed 
treatment increasing BNF in September and early November sowing but not in late November 
(p < 0.05; Figure 4.5). Similarly, foliar cytokinin treatment increasing BNF in early November 
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but decreasing BNF in late November sowing (p < 0.05; Figure 4.5A). Thus the effect of 
cytokinin treatments was sowing-date dependent. 
Foliar cytokinin treatment decreased soil N uptake by 47% (p < 0.05) compared with the 
control in the early November but not in other sowing dates, resulting in a significant cytokinin 
x sowing date interaction (Figure 4.5B; p < 0.05). Thus, cytokinin treatment reduces soil N 
uptake but this is sowing date dependent. 
 
 
Figure 4.5 Effect of sowing date on the response of BNF (A) and soil N uptake (B) to 
cytokinin treatment in three sowing dates. Data are means ± SE of 6 plots, respectively. 
Different letters above bars indicate significant differences (p < 0.05) according to LSD 
test. ANOVA p-values from the cytokinin x sowing date interaction are reported. 
Nitrogen use efficiency (NUE) was higher in September and early November than late 
November (approximately 24%; p < 0.05; Table 4.5). For the September sowing date, NUE was 
25% greater in DM50I17 than DM40R16, but this effect was not significant (genotype x sowing 
date interaction p = 0.067; Figure 4.6). Nitrogen harvest index (NHI) was also higher in 
September and early November than late November (7% and 15%; p < 0.05; Table 4.5). 





Figure 4.6 Nitrogen use efficiency (NUE; biomass/ N uptake) in two genotypes, DM40R16 
(red) and DM50I17 (teal), across three sowing dates. Data are means ± SE of 9 plots with 
lack of letters denoting no significant difference at p < 0.05 as determined by least 
significant difference (LSD). ANOVA p-values from the genotype x sowing date interaction 
are reported. 
At R1, the late November sowing had 63 and 46% more nodules than September and early 
November sowing, respectively (p < 0.05; Table 4.7). At R5 the opposite was evident, with 
nodule number increased in the September than late November sowing (by 38%; p < 0.05). 
Like BNF, early sowing date only affected nodules at R1 and R5 and not R3, decreasing nodule 
number at R1 but increasing it at R5. 
Average nodule size followed a similar pattern with increased (37%; p < 0.05; Table 4.7) 
nodule size at R1 in late November than September sowing. At R3 and R5, nodules were larger 
in September than late November sowing (19 and 33%, respectively; p < 0.05). Thus, early 
sowing delayed both nodule development and senescence.  
Similar trends occurred in other nodule traits (Table 4.7). At R1 and R3, the number of 4 mm 
nodules was greater in late November than September sowing, but at R5 the September 
sowing date had more than double the number of 4 mm nodules over the late November 
treatment. Equally, at R1, total nodule area in late November sowing was close to four times 
that of September while at R5 total nodule area in late November was more than 50% that 




Table 4.7 Nodule number and average nodule size at three growth stages (R1, R3 and R5). 
Data from three sowing dates (September, Early November and late November 2018/19), 
in two genotypes (DM40R16 and DM50I17) with cytokinin application (water control, 
seed soak or foliar spray). Values are averages (n=18 plots for sowing date and cytokinin 
and 27 for genotype), with letters denoting significant difference at p < 0.05 as 
determined by least significant difference (LSD) test with ANOVA, residual SE and LSD 





Nodule number (#) Average nodule size (mm
2
) Total nodule area (mm
2
) 4 mm nodules (#) 
  
R1 R3 R5 R1 R3 R5 R1 R3 R5 R1 R3 R5   
Sowing date Sept 19.4 c 68.5 60.8 a 7.67 b 9.5 a 11.3 a 141 b 598 627.9 a 4.0 b 12.3 b 12.1 a   
 
Early Nov 28.2 b 60.6 40.4 b 9.53 a 8.65 ab 11.6 a 246 b 484 424 b 7.9 b 11.6 b 12.1 a   
 
Late Nov 51.9 a 61.7 37.5 b 10.47 a 7.7 b 7.54 b 544 a 461 270 c 15.8 a 33.2 a 5.5 b   
Genotype DM40R16 30.6  60.3 39.9  9.75 a 8.93 10.6 310 488 402 9.1 16.8 8.4   
 
DM50I17 35.8  66.9 52.5  8.70 b 8.32 9.74 310 541 479 9.4 21.3 11.3   
Cytokinin Control 36.3 73.9 45.9 9.03 ab 8.46 10.1 343 586 431 10.1 21.7 11   
 
Seed 31.8 59.1 47.5 8.49 b 8.39 9.8 320 500 430 7.9 17.9 9.1   
 
Foliar 31.4 57.7 45.2 10.2 a 9.02 10.6 268 457 461 9.7 17.5 9.5   
Sow (S) 
 




0.123 0.364 0.057 0.036 0.144 0.591 0.994 0.364 0.166 0.889 0.112 0.060   
Cytokinin (C) 
 
0.421 0.132 0.959 0.024 0.400 0.192 0.349 0.132 0.872 0.646 0.394 0.546   
G x S 
 
0.605 0.449 0.256 0.269 0.373 0.741 0.373 0.449 0.349 0.809 0.532 0.537   
C x S 
 
0.013 0.641 0.574 0.863 0.071 0.527 0.058 0.641 0.614 0.683 0.781 0.542   
C x G 
 
0.450 0.886 0.602 0.349 0.969 0.900 0.478 0.886 0.606 0.353 0.318 0.562   
C x G x S 
 
0.582 0.038 0.448 0.659 0.415 0.410 0.602 0.038 0.701 0.278 0.139 0.097   
Residual SE   12.1 26.0 23.5 1.78 1.52 2.25 157 26 202 7.58 9.98 5.33   




4.4 | Discussion  
Effectiveness of cytokinin treatment and genotype selection 
Higher yield was achieved in DM50I17 through greater canopy N accumulation due to higher 
soil N uptake. Although overall BNF was higher in DM40R16 than DM50I17, there was 
variation in the timing of BNF between genotypes (as seen in Chapter 2). Higher BNF capacity 
at R1 and R5 was seen in DM50I17 which also had correspondingly increased nodule number 
at R1 and R5, and 4 mm nodules at R5 (Table 4.3 and 4.3). Greater BNF capacity in these early 
reproductive stages may have aided canopy N accumulation with remobilisation of N during 
seed filling sustaining N supply and thus higher yields (Table 4.2). Although nodule number 
and total nodule area were increased in DM50I17, nodules tended to be on average smaller 
than those of DM40R16 (Table 4.4). This does not support previous findings that increased 
nodule size aids BNF but does support previous findings herein (Chapter 2) whereby optimal 
nodulation varies between genotypes at different stages.  
Cytokinin treatments did not benefit crop yield, which appeared to be a consequence of 
limited N supply as canopy N tended to be limited by foliar cytokinin application (Table 4.2). 
This was perhaps because cytokinin application can limit root elongation and lateral root 
formation by increasing ethylene levels (Bertell & Eliasson 1992), thereby limiting N uptake. 
Although root growth was not measured in field trials, cytokinin application did not decrease 
root growth in pot experiments (Chapter 3) and cytokinin treatment had to be continuous to 
inhibit root growth previously (Bertell & Eliasson 1992).). Although cytokinin treatments show 
promise in enhancing BNF in a controlled environment (Chapter 3), the complexity of their 
response, seen in this study and previously (Koprna et al., 2016), makes determining their 
agronomic benefit challenging. Future trials should include a greater variety of genotypes, 
particularly of varying maturity groups (Salmeron et al., 2014), different treatment 
concentration (10-6 mol L-1) or cytokinins (6-benzylaminopurine or N6-(Δ2-isopentenyl)- 
adenine) used previously (Mens et al., 2018). Cytokinin treatment longevity will likely vary 
depending on the type of cytokinin that is applied, with aromatic cytokinins, such as 
benzyladenine, more resistance to side chain cleavage by cytokinin oxidase than others, for 
example cis or trans zeatin.   
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Genotypic responses to early planting 
Cold environments restrict plant N accumulation, with BNF thought to be more sensitive than 
soil N uptake. Although cold soil temperature (15-17.4°C; Table 4.1) limits total nitrogen 
accumulation (Table 4.5), surprisingly soil nitrogen uptake was more affected by low RZT than 
BNF, in contrast to previous findings in controlled environments (Legros & Smith 1994; 
Matthews & Hayes 1982; Thomas & Sprent 1984). In this study, BNF was 11% higher in 
September than the late November sowing, but soil N uptake was 23% lower (Table 4.5 and 
Figure 4.4). As early sowing reduces soybean root growth (Turman et al., 1995) thus limiting 
N uptake at low RZT (Alsajri et al., 2019; Ouertani et al., 2011; Rufty et al., 1981; Tolley & 
Raper 1985), this may explain why soil N uptake is more limited in the field compared to pot-
grown plants in controlled environments. Differences in soil depth exploration affects the 
amount of N available to field-grown crops (Voisin, 2003), whereas root exploration in pots is 
unlikely to be limiting. Equally, reduced crop transpiration in cold conditions will limit water 
uptake, and thus nutrient uptake. Additionally, if soil nutrient concentration is low, high 
affinity active transporters will be required to pump ions across the cell membrane. This 
energy intensive process will also be limited by low root zone temperature. In cool growing 
conditions, increased BNF may compensate for limited soil N availability thus maintaining 
yield. BNF increases with evapotranspiration (Cleveland et al., 1999), so increases in potential 
evapotranspiration across sowing dates (Figure 4.1) do not account for higher BNF from early 
planting.  Differences in the timing and severity of cold stress might also explain the disparity 
between controlled and field environments, even though to my knowledge, the effects of 
early sowing on soybean N source have not been shown previously.  
Despite different cycle lengths (Figure 4.1), early maturing DM40R16 (MG IV) was no more 
sensitive to cold than DM50I17 (MG V), both with similar yield and specific leaf area in 
response to early and conventional sowing dates (Figure 4.3). Previously, early maturing 
soybean genotypes appeared more sensitive to low temperatures, due to shorter vegetative 
growth (George et al., 1988; Heatherly, 2005; Salmeron et al., 2014) but this was not seen in 
this study. However, soil N uptake in DM50I17 was more cold-sensitive than DM40R16, 
requiring increased BNF from early sowing to maintain yield (Figure 4.4). As total canopy N at 
maturity was equal in genotypes in each sowing date, it was hypothesised that NUE could 
explain maintained yield in DM50I17. Despite a 25% increase in NUE in September sown 
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DM50I17, this effect was not significant (Figure 4.6), therefore cannot be confirmed. 
Therefore, increased BNF, enabling consistent N supply and enhanced NUE, overcame cold 
sensitivity. Maximising BNF may require decreased fertiliser N applications, as these inhibit 
nodulation (Santachiara et al., 2019), but this will depend on soil N levels at sowing as early 
canopy growth is critical for crop establishment. Available mineral N accumulates during the 
growing season as soil temperature increases, due to organic matter mineralization (Haynes 
et al.,1993).  
Early sowing delayed BNF (Table 4.6), as previously reported (Zimmer et al., 2016), but also 
prolonged BNF in late reproductive stages resulting in higher rates of fixation. Increased BNF 
enhanced nitrogen harvest index (Santachiara et al., 2018) and early soybean sowing 
increased seed quality (Rahman et al., 2005) as in this study, and marginally increased grain 
N content in early sowing dates (Table 4.5). Biologically fixed N is more rapidly assimilated 
into pods and seed, whereas N from soil is first assimilated into vegetative tissue and then 
remobilised into reproductive parts (Ohyama, 1983). High N demand during grain filling 
promotes leaf senescence due to remobilisation of N from vegetative tissue, with high 
yielding varieties maintaining N supply during seed filling (Kumudini et al., 2002). Therefore, 
early sowing increased BNF at late reproductive stages, which likely helped maintain yield 
though low RZT had limited soil N supply. 
Genotype and environment both affect nodule lifespan (Vessey, 1992), but the effect of early 
soybean sowing on nodule senescence has not been considered previously (Puppo et al., 
2004). In this study, early sowing delayed nodule senescence (Table 4.7), perhaps due to more 
favourable RZT in later growth. Limited canopy N accumulation in early growth may limit later 
pod filling as less N is available for remobilisation, leading to increased N demand in 
reproductive stages. Carbon competition between pods and nodules was previously thought 
to occur, thus reproductive N supply from BNF would limit yield. However, male-sterile 
soybean show a similar decline in BNF in later growth, suggesting limited C competition 
between pods and nodules (Imsande & Ralston 1982; Riggle et al., 1984). Therefore delayed 
nodule senescence and prolonged BNF may benefit early soybean production. 
Although nodule size has been suggested to influence BNF more than other nodule traits (de 
Araujo et al., 2017; Tajima et al., 2007; Voisin et al., 2003), in the present experiment, greater 
fixation was seen in DM50I17 with smaller nodules than DM40R16. Data herein confirm a 
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genotypic effect on the timing of BNF (Hamawaki & Kantartzi 2018) and additionally show 
that this occurs in nodules; however nodule traits and the timing of BNF were not correlated 
(Table 4.6 and 4.7). Low RZT is known to delay BNF and nodule formation (Zhang et al., 1995), 
which was confirmed in this study in both genotypes (Tables 4.5 and 4.6), and so it does not 
explain differences in N supply across sowing dates. To better understand N dynamics, 
nodules should be monitored at different stages as significant genotypic differences were 
detected only at R1 and R5 not R3 (Table 4.7). Differential N accumulation patterns seen in 
commercial genotypes (Rotundo et al., 2014), may in part be due to improved nodule traits, 
missed previously. 
Cytokinin seed priming increased BNF, although this depended on genotype (in DM40R16), 
sowing date (Figure 4.5) and stage (Table 4.6). Cytokinin treatment was more effective in early 
sowing dates, with a cytokinin x sowing date interaction (Figure 4.5A). Thus, cytokinin effects 
in enhancing BNF are more beneficial in low temperature when plants depend more on N 
supply from BNF. 
4.5 | Conclusions 
Although the controlled environment trial suggested that cytokinin treatment can enhance 
BNF and early nodule establishment (Chapter 3), the field trials did not fully support its 
agronomic benefit, as cytokinin treatment did not increase either total N uptake or yield. 
Characterisation of soybean N uptake during cold stress showed that maintenance of N supply 
is important for maintaining yield in low temperature, with soil N uptake being more sensitive 
to cold than BNF, in contrast to much of the relevant literature. This may be due to limited 
root growth in early sowing. BNF was important in maintaining N supply in early sowing, 
leading to consistent yields across sowing dates. This is of great consequence to soybean N 
management as it emphasises the importance of strategies to enhance BNF in cool 
environments. Soil N supply was more sensitive in one genotype but was able to compensate 
with increased BNF to secure its N supply across soil temperatures, thus stabilising yields. This 
indicates the importance of appropriate selection for early sowing. Early sowing can delay 
nodule formation and BNF, but this may be beneficial by prolonging BNF and improving N 




Chapter 5: General discussion  
5.1 |  Context 
Soybean is a globally important vegetable protein source and may prove to be a central part 
of sustainable food supply. Soybean has a high seed protein content giving it many uses but 
also a high N demand, and much of this can be provided through BNF. Early efforts to increase 
BNF did not make significant advances (Henzell, 1988; Shiferaw et al., 2004) and now the need 
to reduce reliance on N fertiliser is greater than ever. Efforts to increase BNF have focused on 
rhizobia (strain selection) but there is a need to shift attention to the host (Sinclair & Nogueira, 
2018). Enhancing fixation through optimised rhizobia often fails (Dobbelaere et al., 2001) due 
to competition from native strains (Nazir et al., 2013), with inoculant rhizobia almost 
completely disappearing from soil after the first cropping cycle (Zilli et al., 2013). Equally, as 
rhizobial genomes are highly plastic, rapid adaptation of introduced strains can occur (Ferreira 
& Hungria, 2002; Mendes et al., 2004; Loureiro et al., 2007); selection favours survival in the 
soil and entry to hosts but not fixation. In addition, where soybean has previously been grown, 
bacterial inoculation does not tend to increase nodulation or crop yield (Schulz & Thelen, 
2008; de Bruin et al., 2010; Mason et al., 2016) suggesting that subsequent infections are due 
to established native rhizobia. In Brazil and Argentina, annual inoculation of soybean 
increased yield by only 6-8%, whilst there was no change in the USA (Sinclair & Nogueira, 
2018). Thus, in this study the focus was on plant regulation of nodules. 
Nodules are the site at which BNF takes place, but the relative importance of nodule 
morphology is not fully understood. The aim of this thesis was to explore the importance of 
nodule traits for BNF and how this could be enhanced through genotype selection or hormone 
application to improve BNF and yield. As nodule initiation is delayed by cold stress, limiting 
soybean production in Europe and early sowing in South America, the mitigating effects of 
genotype selection and hormone application on delayed nodule development were also 
considered. 
Different soybean genotypes have varying BNF capacities (approximately 20-90 %Ndfa at R7) 
(Hamawaki & Kantartzi, 2018), but this has not been linked to altered nodule traits, so this 
was the aim of Chapter 2. Hormones control the nodulation process, with cytokinin, auxin 
and gibberellin considered positive promoters and their ability to alter nodule traits and BNF 
93 
 
were explored in Chapter 3. In Chapter 4, field trials showed the effect of genotype selection 
and cytokinin application on nodules, BNF and yield and the extent that these factors could 
mitigate low RZT.  
5.2 |  Genotypic nodule variation and BNF 
Different genotypes varied in their BNF (approximately 62% difference; Table 2.3) as seen 
previously (Keyser & Li, 1992; Peoples et al., 1995; Mapope & Dakora, 2016). Genotypes also 
had different BNF capacities at different stages, with some being characterised as either early 
or later fixers, also seen previously (Hamawaki & Kantartzi, 2018). Very few studies have 
characterised changes in both BNF and nodules across growth stages (Pitumpe Arachchige et 
al., 2020) and in this study nodule traits did not fully correspond with BNF. In the genotypes 
tested, nodules varied only at later stages (Figure 2.4B and C) despite variation in BNF at each 
stage. This suggests that the relationship between nodule traits and BNF varies across 
genotypes with the relative importance of nodule characteristics depending on both 
genotype and stage. Whether this reflects plant investment in nodules or difference in nodule 
efficiency across genotypes is unclear. It is often assumed that an increased investment in 
nodules will increase BNF, although super-nodulating genotypes have lower biomass and 
yield (Carroll et al., 1985; Song et al., 1995). Therefore, if increased nodule number is not 
necessarily beneficial, but genotypes vary in both nodules and BNF, it follows that certain 
nodule traits aid fixation.  
One such nodule trait is nodule size, which increases BNF (Voisin et al., 2003; Tajima et al., 
2007; de Araujo et al., 2017). Considering all genotypes in Chapter 2, total and average nodule 
area were positively correlated only at reproductive stages (Figure 2.5). Nodules of a certain 
size have also been considered optimal (Purcell et al., 1997; King & Purcell, 2001) and here 
only the number of 4 mm nodules per plant  positively correlated with BNF but again only in 
reproductive stages (Figure 2.5). Additionally, positive correlations between nodule traits and 
BNF were seen only in certain genotypes at certain stages (Table 2.5 to 2.7). Nodule traits and 
BNF have been previously correlated during late stages of growth (8-14 weeks after sowing) 
(de Araujo et al., 2017; Pitumpe Arachchige et al., 2020) but here a wider range of stages and 
genotypes have been characterised. Taken together, this showed that BNF varied 
substantially across both genotype (62%) and growth stage (38%) and that the relationship 
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between nodules and BNF varied across genotypes. However, individual nodule size was 
important and in particular the 4 mm nodules, have a greater BNF capacity.  
The way in which nodules are quantified also appears important, with specific nodule traits 
better corresponding to BNF (Table 2.3). This is perhaps unsurprising as differences in plant 
size are accounted for in these specific traits, but it is not frequently reported in the relevant 
literature. Correlations with BNF were seen only in nodule area traits and size classification, 
which are made possible through a novel imaging technique (Figure 2.1). Despite some efforts 
(Remmler et al., 2014), quantifying nodules is not standardised across research in this field. 
Data herein suggests that image analysis is more accurate, able to detect subtle changes in 
nodule traits not possible by weighing or counting.  
This study hypothesised that changes in nodule morphology would lead to increased BNF 
because of improved physiology (see Chapter 2) leading in turn to the variation in BNF seen 
in soybean genotypes. Alternatively, upregulation of BNF in nodules (Pradhan et al., 2018), 
through sensing of N, carbon supply to nodules or altered oxygen permeability (Schwember 
et al., 2019) may also explain differences in BNF capacity. Cytokinin has been linked to N 
sensing (Walch-Liu et al., 2005) so it may mediate this. BNF capacity will also be influenced by 
the genotype and by the rhizobia occupying nodules due to differences in N fixation efficiency 
across strains. Selection of rhizobia by legume hosts is not well understood and how nodule 
strain occupancy alters nodule traits has not been explored. It could be that larger nodules 
are due to occupancy with effective rhizobia or perhaps due to multi-occupancy, possibly by 
enhancing carbon sink capacity of nodules (Kaschuk et al., 2009). This would not be true for 
controlled-environment experiments but may explain variation seen in the field. Genotypic 
differences in nodulation competitiveness of B. japonicum strains depended on the region of 
adaptation of the soybean genotype (Payakapong et al., 2004), suggesting that soybean 
genotypes co-evolve with rhizobia and differences in BNF across genotype could be site 
dependent. This illustrates the importance of region-specific genotype selection and breeding 
efforts. It also highlights the benefit of strategies to enhance symbiosis with native rhizobia, 
instead of introduced inoculant strains. 
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5.3 |  Effect of phytohormone application on nodulation and BNF 
As nodule traits appear to affect BNF and phytohormones mediate nodule formation, positive 
regulators were identified (Ferguson & Mathesius, 2014) and applied using different methods 
(seed coat and soaking, foliar spray and root application) and concentrations (Chapter 3). 
Previous studies have applied various concentration of these hormones to a range of other 
legumes with various positive responses, but not to soybean (Table 3.1). Although previously 
auxin and gibberellin increased nodulation in other species (Ferguson et al., 2005; Ali et al., 
2008; Fatima et al., 2008), this was not the case in this study. Nevertheless, cytokinin 
application enhanced nodule traits and BNF (Figure 3.2; Table 3.8). 
Application method and cytokinin concentration influenced the success of treatments (see 
Chapter 3). Seed priming at 10-9 mol L-1 gave the best results, doubling BNF and increasing 
total nodule area by 32% (Table 3.8). Seed priming, inducing a physiological state with 
treatment before germination, has mainly been used to enhance germination and stress 
tolerance (Kumar et al., 2020). Cytokinin priming can improve germination and early seed 
vigour (Nikolić et al., 2006) but this was not seen in field trials, so it does not explain 
differences in BNF and nodules seen.   
Cytokinin seed priming constrained nodule distribution (Table 3.8; Figure 3.3) which may 
increase BNF as the positioning of nodules influences BNF (McDermott & Graham, 1989; 
Wolyn et al., 1989; Hardarson & Danso, 1993). Soybean inoculants are often only competitive 
at the root crown, as seed inoculant application limits rhizobial distribution (McDermott & 
Graham, 1989; McLoughlin et al., 1990). Nodules on lateral roots are occupied by native 
strains, not optimised for BNF, as they are distributed across the rhizosphere (Weaver & 
Frederick, 1974; Wadisirisuk et al., 1989). Therefore, nodules forming earlier due to cytokinin 
treatment are more likely to be occupied by optimised inoculant strains so it would be 
interesting to quantify nodule occupancy following cytokinin application in the field.  
Constrained nodule distribution following cytokinin application also led to the hypothesis that 
the treatment caused earlier nodule formation (see Chapter 3). Plants (Aeschynomene 
afraspera and indica) inoculated with cytokinin overproducing rhizobia formed nodules one 
day sooner than a mutant strain deficient in cytokinin synthesis (Podlešáková et al., 2013). 
Further testing of cytokinin seed soaking increased early (V4) BNF (Figure 3.4). To establish if 
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cytokinin did indeed promote early nodulation and to gain insight into a potential mechanism, 
gene expression over 72 hours of the NF response gene ENOD40a was determined after a 
kinetin seed soak. Cytokinin indeed led to increased relative gene expression of ENOD40a, 
suggesting a priming effect (Figure 3.6).  
Attempts to enhance soybean-rhizobia symbiosis as an alternative to hormone treatment 
have been promising. Although not agronomically practical, hydrogen sulphide can act as a 
signalling molecule, regulating many physiological processes. Soybean seedlings treated with 
hydrogen sulphide showed increased nodule number (approximately 15%) and BNF 
(approximately 25%). This response was explained through upregulation of plant nodulin 
genes, early nodulin 40 (ENOD40a), ERF required for nodulation (ERN), nodulin signalling 
pathway 2b (NSP2b), and nodulation inception genes (NIN) and bacterial nod genes (Zou et 
al., 2019). Non-thermal plasma application also increased soybean nitrogenase activity 
leading to increased root cytokinin (Pérez-Pizá et al., 2020). Perhaps the same gene signalling 
will also be induced by the cytokinin treatment used herein and explain the mechanism 
behind early nodulation.  
 
Figure 5.1 Effect of genotype selection and cytokinin application on BNF. 
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5.4 |  Agronomic potential of genotype selection and phytohormone 
application 
In Chapters 2 and 3, both genotype and cytokinin treatment altered nodules and BNF (Figure 
5.1), thus in Chapter 4 the effects of both were assessed in field trials in order to better 
understand the agronomic potential of these strategies.  
As in controlled environments, timing of BNF and nodules varied between genotypes in field 
trials (Table 4.3; Table 4.4) although the two did not correspond. Differences in the timing of 
BNF in genotypes or through cytokinin treatment may alter its effect on yield. Seed N demand 
is supplied by either N remobilisation, derived from N supplied before seed filling, or N 
accumulation during seed filling. Early BNF may give a larger N pool for remobilisation, 
important for seed N content as N accumulation during seed filling is less than N accumulation 
by seeds (Leffel et al., 1992; Vasilas et al., 1995; Egli & Bruening, 2007), with N remobilisation 
accounting for 59% of seed N. However, BNF is also an important source of N during seed 
development (Purcell et al., 2004), accounting for up to 95% of total N accumulation in low 
soil N, and 50% in fertile soil (Mastrodomenico & Purcell, 2012). Seed N accumulation can be 
double that taken from remobilisation, with most N (0.4 g N m-2 d-1) from BNF. Continued BNF 
into late reproductive stages is therefore beneficial in achieving high seed yield. Taken 
together, it suggests that genotypes appear to use different N sources for grain filling, thus 
the timing of BNF will have different effects on yield depending on this.   
Other aspects of soybean production may influence the effect of additional N from fixation. 
High phloem N concentration limits BNF (Neo & Layzell, 1997), so sufficient sequestration of 
N in the canopy is important for maintaining fixation. Ensuring high plant N demand may 
enable this, with decreased plant density leading to larger canopies which increased BNF four-
fold (de Luca et al., 2014). Therefore, increased BNF without demand will not benefit plant 
growth. 
Cold stress limits nodulation, but as nodule establishment is genotype-dependent (Chapter 2) 
and can be enhanced through cytokinin treatment (Chapter 3), the ability of each to mitigate 
this was tested in field trials (Chapter 4). Early sowing delayed the initiation of BNF and nodule 
development, but also prolonged these processes towards the end of the growing season 
(Table 4.6 and 4.7). Genotypes responded differently to early cold stress, in terms of N supply, 
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allowing DM50I17 to maintain consistent yield across all sowing dates whilst the other tended 
to be more sensitive (Figure 4.3). Surprisingly, however, low root zone temperature limited 
soil N uptake to a greater extent than BNF (Figure 4.4), perhaps by reducing root growth. This 
suggests that BNF is especially important in maintaining N supply in cold conditions. Increases 
in BNF caused by cytokinin were especially evident in early sowing dates, suggesting such 
treatment may mitigate cold stress (Figure 4.5).  
5.5 |  Directions for future study 
Further work is required to understand the mechanism behind increased BNF of certain 
nodules shown here (Chapter 2). Variation in nodule BNF capacity is likely due to changes in 
physiology, as carbon sink capacity, oxygen permeability and N export all regulate BNF, thus 
future work should establish if there is a link between nodule morphology and physiology. 
Additionally, as the rhizobial strain occupying nodules determines BNF, it would be interesting 
to see if this also corresponds to differences in nodule traits. As the speed of BNF onset varies 
across genotypes (Chapter 2 and Chapter 4) and earlier nodule formation caused by cytokinin 
appears to be due to earlier nodulin gene expression (Chapter 3), future work could 
determine if the same is true across soybean genotypes.  
As the effect of cytokinin application showed promise but was not consistently beneficial 
(Chapter 3 and Chapter 4), further investigation of cytokinin-based treatments is required. 
This may include further investigation into their timing. This study focused on the effect of 
cytokinin on early nodule development, but cytokinin application may also delay nodule 
senescence, potentially providing an important N source during seed filling. Stay-green, 
characterised by delayed chlorophyll catabolism, may also delay soybean nodule senesce by 
extending photosynthate supply. However, this would be at the expense of N-remobilisation 
during seed filling. Thus, the relative importance of these N-sources on yield should be 
established. Since the effect of nodule traits on BNF, and nodulation itself, varies across 
genotypes (Chapter 2), determining the effect of cytokinin on a wider range of genotypes is 
recommended. Additionally, this study only applied kinetin, but it may be beneficial to 
establish whether other cytokinins show beneficial responses (Mens et al., 2018). 
Cytokinin appears to upregulate early nodulation genes (Chapter 3) but the mechanism 
leading to this was not determined here, so future work should aim to better understand the 
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effect of cytokinin on this pathway. Other mechanisms, such as the interaction between 
cytokinin and other hormones, in particular ethylene and auxin, should also be determined.  
To meet food demands in 2050, crop yields must increase by around 50% on current 
agricultural land to avoid massive conversion of natural ecosystems (Cassman & Grassini, 
2020; Ray et al 2013). For soybean, yield increases will be most limited by inadequate N supply 
(Cafaro La Menza et al., 2017), that in high yielding areas currently producing 4.5 Mg ha-1 the 
50% increase to 6.8 Mg ha-1 would require 540 kg N ha-1. Soil N could provide up to 150 kg N 
ha-1 (Cafaro La Menza et al., 2019) but this leaves 400 kg N ha-1 which must come from BNF, 
something not commonly possible based on current reviews (Salvagiotti et al., 2008; Ciampitti 
& Salvagiotti, 2018). Soil N and BNF provide insufficient N for soybean especially in highly 
productive environments, with an upper limit of 5.5 Mg ha-1 in Nebraska (Cafaro La Menza et 
al., 2020), likely to continue as soybean N requirements and average yields increase (Grassini 
et al., 2015; Specht et al., 2015). Thus, BNF must be increased sustainably to supply sufficient 
N for these high yielding soybeans, helping to meet increasing food demand without further 
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Appendix 1.1. Centre for global Eco-innovation carbon report.  
CENTRE FOR GLOBAL ECO-INNOVATION CO2e 
Calculator 
Name: Robert Kempster 
 
Project: Using phytohormone interaction to improve nitrogen fixation in legumes 
 
Industry Partner: Plant Impact 
 
Academic Supervisors: Ian Dodd and Mariana Rufino 
 
Description of project: 
This project aimed to develop a product that will lessen the environmental impact of 
agriculture by reducing reliance on industrially fixed nitrogen fertilisers by increasing 
biological nitrogen fixation (BNF). Soybean, the focus of this project, has high nitrogen (N) 
demand with N supply highly correlated with yield. Plant hormones are known to regulate 
the formation of nodules, in which BNF occurs. Signalling events leading to nodule 
establishment involving plant hormones have been studied, but not the effect of hormone 
application in enhancing BNF. As N supply is so crucial to soybean and with the 
environmental consequences of N fertilisers, BNF is key to allowing high but sustainable 
future yield.  
Summary of GHG emission reduction: 
Agricultural production produces 12,000 mega tonnes of CO2e per year accounting for 86% 
of food related anthropogenic greenhouse-gas emissions (Vermeulen, Campbell, & Ingram, 
2012). These emissions are derived from a number of sources including fertiliser and crop 
protection manufacture and application and field operations. Relative carbon emissions 




Baseline carbon emissions are based on results from the AHDB Carbon Footprint Decision 
Tool, using data from a questionnaire completed by a Brazilian farmer (since Brazil is a key 
target market for Plant Impact). This was combined with results of an Argentinean field trial 
which tested the effectiveness of the biostimulant product developed in this project. 
 
The potential carbon savings from a BNF biostimulant product developed in this project are 
the result of increased legume yield for the same carbon inputs, giving a relative reduction 
in carbon emissions on a per yield basis. For a Brazilian soybean farm (650 ha) case study, 
carbon savings are associated with relative carbon emissions (from fertilisers, 
agrochemicals and farm machinery) on a per yield basis. From this, the CO2e emissions of 
the Plant Impact (PI) Brazilian soybean market were calculated using data on PI’s share of 




821,604 tCO2e per 
annum 
Current GHG 
emissions   









Section one – Baseline of CO2e emissions relating to original process, service or product  
Scope one – Direct emissions from company owned and controlled operations  
Scope two – Indirect emissions purchased by company 
Scope three – Other indirect emissions from the supply chain owned and/or purchased 
by suppliers and consumers 
Downstream e.g. consumers (sold products) 
 
CO2e embodied use of sold products 
 
A case study of a 650 ha farm was used to calculate the CO2e emissions per ha, from which 
to calculate the CO2e emissions of the Plant Impact (PI) Brazilian soybean market using data 
on PI’s share of the total yield.   
 
Emissions from fertiliser production 
140 
 
Although nitrogen is not applied to fields other fertilisers, superphosphate and potassium 
sulphate, are applied at a rate of 150kg/ha each. Combined, these give carbon emissions of 
20.4 kg/ha (AHDB Carbon Tool), multiplied by 650ha case study farm gives 13.26 tCO2e per 
annum. 
 
Emissions from agrochemical production 
Application of crop protection products, i.e. pesticides (6kg active ingredient per ha) 
indicated by Brazilian farm case study lead to 246 kg/ha (AHDB Carbon Tool), multiplied by 
650 ha gives 159.9 tCO2e per annum. 
 
Emissions from agricultural machinery   
Carbon emissions from field operations equate to 127.4 kg CO2e/ha of fuel use (AHDB 
Carbon Tool). This includes emissions from 1 direct drilling of fertiliser (24.9 litres/ha = 66.8 
kg CO2e/ha), 9 spray applications of agrochemicals (7.2 litres/ha = 19.3 kg CO2e/ha) and 1 
combine at harvest (15.4 litres/ha = 41.3 kg CO2e/ha) as indicated by Brazilian farm case 
study. The total of 127.4 kg CO2e/ha multiplied by 650 ha gives total farm emissions of 
82.81 tCO2e per annum. 
 
Per farm scale: 
Emissions from: Fertiliser production + Agrochemical production + Agricultural machinery 
 
13.26 + 159.9 + 82.81 = 255.97 tCO2e per annum 
 
Per yield scale: 
Per ha emissions: Total farm CO2e / number of Ha 
 
255.97 / 650 = 0.3938 tCO2e per ha per annum  
 
Per yield emissions: tCO2e per ha / yield tonnes per ha 





0.3938 / 4.329 = 0.09097 tCO2e per tonne yield 
 
Plant Impact have indicated that they predict a 20% market share of the Latin American 
soybean biostimulant market which accounts for 30% of farmers. 
 
Predicted yield of Plant Impact Brazilian soybean market (FOASTAT 2018 data):  
(yield tonnes per ha x harvested area ha) x Biostimulant market x Plant impact market share  
 
(4.329 x 34,771,690 = 150,526,646) x 0.3 x 0.2 = 9,031,599 tonnes total yield of predicted 
market. 
 
Total baseline emissions:  
Calculated tCO2e per tonne yield x Predicted yield of Plant Impact Brazilian soybean market 
 
0.09097 x 9,031,599 = 821,604 tCO2e per annum 
 
Biogenic emissions – Other emissions related to flora, fauna, land and water 
Total baseline emissions figure 
 
821,604 tCO2e per annum 
Section two – Reduction of CO2e emissions relating to new process, service or product 
Scope one – Direct emissions from company owned and controlled operations  
Scope two – Indirect emissions purchased by company 
Scope three – Other indirect emissions from the supply chain owned and/or purchased 
by suppliers and consumers 
Downstream e.g. consumers (sold products) 
 




The product developed in this project decreases carbon emissions indirectly, as it is not 
common to apply nitrogen to Brazilian fields. Additionally, biological nitrogen fixation is 
known to be reduced by application of industrial fertiliser. Thus, the same increases in 
biological fixation from product developed here are not likely with N application. Another 
potential carbon saving is a reduction of nitrogen fertiliser applied to subsequent crops. 
However, the relative impact on subsequent crops was not tested experimentally and so 
will also not be included as saving associated with this project.  
 
Carbon savings that can be attributed to this project are based on yield increases achieved 
through application of the product in Argentinean field trials. In this trial, yield increased 
with no (or negligible 76g/ha kinetin) increase in carbon input, thus relative carbon per 
tonne of soybean grain produced can be considered to be reduced.  
 
Whereas control plots yielded 4.329 tonnes per ha, plots treated with the new product 
yielded the equivalent of 4.408 tonnes per ha.  
Thus carbon emissions from the treated plots:  
 
0.3938 tCO2e per ha/ 4.408 tonne yield per ha = 0.08934 tCO2e per tonne yield 
   
New emissions figure:  
Calculated CO2e emissions per tonne yield after treatment x Predicted yield of Plant Impact 
Brazilian soybean market:  
 
0.08934 x 9,031,599 = 806,883 tCO2e per annum 
 
Biogenic emissions – Other emissions related to flora, fauna, land and water 
 Total reduction emissions figure (savings) 
 
Carbon baseline for Plant Impact’s predicted market share based on yield of control plots 




New emissions figure for Plant Impact’s predicted market share based on yield of treated 
plots is 806,883 tCO2e per annum. 
 
The GHG emissions savings from this project are:  
Baseline emissions - New emissions   
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Appendix 3.1 Effect of cytokinin (kinetin) seed coat at five different concentrations (high 
10-7 to low 10-11 mol L-1) on plant nodule traits and plant growth with a water control. 
Values are averages, ±SE with results of one-way ANOVA below with model residual 














































































































































Treatment 0.975 0.913 0.453 0.217 0.424 0.841 0.630 0.353 
SE 31.4 156 13.7 58.2 0.7 0.140 21.19 40.92 













Appendix 3.2 Effect of auxin (IAA) seed coat at four different concentrations (high 10-8 to 
low 10-11 mol L-1) on plant nodule traits and plant growth with water and solvent controls. 
Values are averages, ±SE with results of one-way ANOVA below with model residual 














































































































































Treatment 0.164 0.292 0.584 0.98 0.467 0.353 0.334 0.387 
SE 12 39.8 10.56 22.31 1.04 116.9 14.15 44.77 












Appendix 3.3 Effect of gibberellic acid (GA3) seed coat at four different concentrations 
(high 10-7 to low 10-10 mol L-1) on plant nodule traits and plant growth with water and 
solvent controls. Values are averages, ±SE with results of one-way ANOVA below and 















































































































































Treatment 0.996 0.825 0.262 0.218 0.671 0.548 0.489 0.837 
SE 25.8 108.9 12.98 39.96 0.372 109.2 19.66 35.33 








Appendix 3.4 Effect of cytokinin (kinetin) root application at four different concentrations (high 10-7 to low 10-10 mol L-1) on plant nodule 
phenotype with water control. Values are averages, ±SE with letters denoting significant difference at p < 0.05 as determined by least significant 











































































































































































Treatment 0.016 0.005 0.568 0.118 0.223 0.027 0.065 0.552 0.209 0.040 
SE 25.7 92.8 13.8 42.7 0.134 167.8 704.8 1.82 13.02 13.2 
d.f 54 54 53 52 49 42 42 42 15 52 
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Appendix 3.5 Effect of auxin (IAA) root application at four different concentrations (high 10-7 to low 10-10 mol L-1) on plant nodule phenotype with 
water and solvent control. Values are averages, ±SE with letters denoting significant difference at p < 0.05 as determined by least significant 

















































































































































































Treatment 0.204 0.161 0.733 0.453 0.793 0.085 0.201 0.835 0.543 <0.001 
SE 24.7 130.3 21 80.2 0.507 43.0 56 1.45 22.68 1.42 
d.f 62 62 62 62 62 57 56 56 28 57 
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Appendix 3.6 Effect of gibberellic acid (GA3) root application at four different concentrations (high 10-7 to low 10-10 mol L-1) on plant nodule 
phenotype with water and solvent control. Values are averages, ±SE with results of one-way ANOVA below with model residual standard error 


















































































































































































Treatment 0.300 0.209 0.855 0.722 0.578 0.410 0.255 0.136 0.825 0.703 
SE 15.3 56.1 0.017 0.033 0.853 30.42 105.9 0.399 21.81 1.54 
d.f 61 61 57 57 57 61 61 61 29 60 
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Appendix 3.7 Effect of different cytokinin application methods (foliar, root and seed) at 
two different concentrations (high 10-7 and low 10-9 mol L-1) on plant growth and 
nodulation. Values are averages, ±SE with letters denoting significant difference at p < 
0.05 as determined by least significant difference (LSD) test with results of one-way 

























































































0.146 0.021 0.126 0.349 0.024 
SE   0.149 17.16 26.26 10.08 23.89 







Appendix 3.8 Effect of different cytokinin application treatments (foliar 10-7 and seed 10-
9 mol L-1) on plant growth and yield from V2 to R6. Values are averages, ±SE with letters 
denoting significant difference at p < 0.05 as determined by least significant difference 
(LSD) test with results of one-way ANOVA below with model residual standard error and 
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Cytokinin (C) 0.549 0.514 0.389 0.784 0.700 0.849 0.477 
Stage (S) <0.001 <0.001 <0.001 <0.001 <0.001 - - 
C x S 0.786 0.980 0.848 0.845 0.567 - - 
SE 0.939 0.217 74.49 47.34 3.95 9.93 1.10 










Appendix 3.9 Agarose gel electrophoresis from semi-quantitative RT-PCR analysis of 
ENOD40a transcript levels in root samples of seedling grown in growth pouches after 
either kinetin or hydro-priming or non-primed (dry) control. Lower band of DNA ladder 











Appendix 4.1 Field climate data for three sowing dates in the 2019/ 2020 field trial. 
Values are averages, ±SE with letters denoting significant difference at p < 0.05 as 
determined by least significant difference (LSD) test with results of one-way ANOVA 
below with model residual standard error. 





Soil temperature     
(10 cm depth 
o
C) 





















ANOVA (p value) 0.607 <0.001 0.947 0.365 
Residual SE 3.05 1.53 7.93 2.16 
 
 
Appendix 4.2 Environmental data for the 2019-2020 field trial. Daily air and soil (10 cm 
depth) temperature (black and grey line, respectively), precipitation (blue bars; A) and 
potential evapotranspiration (purple line; B). 
